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Both novel membrane materials with better separation characteristics and a better 
fundamental understanding of membrane transport stability are needed to improve the 
competitiveness of commercial membrane separations.  In this work, the effect of a novel 
moiety, hexafluoroalcohol, on the gas transport properties of an aromatic polyimide 
membrane are evaluated.  The hexafluoroalcohol group increases the membrane’s 
fractional free volume, which increases the membrane’s permeability to all gases.  
Additionally, the HFA-containing polyimide shows resistance to plasticization by carbon 
dioxide.  However, ideal selectivity for several gas pairs is unchanged by the inclusion of 
hexafluoroalcohol and the increase in the polymer’s fractional free volume.  This lack of 
selectivity loss with increasing free volume is attributed to hydrogen bonding between the 
hexafluoroalcohol and imide groups, which reduces chain mobility.  
The ethanol dehydration characteristics of a so-called “TR” polymer are also 
evaluated in this work.  TR polymers are heterocyclic, aromatic polymers synthesized by 
a solid-state, high temperature condensation from ortho-functional polyimides.  
Pervaporation studies on a representative TR polymer film demonstrate that the material 
has separation properties that exceed those of a commercial ethanol dehydration 
membrane.  The transport properties of the TR film, combined with high thermal and 
 viii 
chemical stability characteristic of these materials, make TR polymers promising 
materials for high-temperature, high-water content ethanol dehydration. 
Finally, the physical aging and plasticization of cellulose triacetate, the dominant 
natural gas purification membrane, is presented.  Although this material has been used 
industrially for over 30 years, the physical aging and plasticization of the material, 
particularly in sub-micron films, has never been studied.  Although cellulose triacetate 
does show physical aging behavior, as observed by permeability decreases over time, 
cellulose triacetate thin films do not show accelerated aging.  Furthermore, the 
plasticization of thin cellulose triacetate films is reduced, rather than increased as seen in 
other polymers.  The unusual transport stability of thin cellulose triacetate films may be 
due to their complex, semi-crystalline morphology, which, due to the thermal instability 
of the material, may not be thermally controlled. 
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Chapter 1 Introduction 
1.1 INTRODUCTION 
A membrane’s ability to selectively permeate one penetrant over another was first 
reported by Abbé Nollet in the 1700’s.
1
  Since that time, research in membrane science 
has driven the development of both a deeper fundamental understanding of small 
molecule transport through membranes and the development of commercial separation 
membranes.
2
  The market for membrane-based separations is expected to continue 
growing,
3
 driven by the contributions of numerous researchers in areas including 
materials science and process engineering.
2,4–17
  Current industrial applications for 
membranes include: removal of CO2 and other contaminants from natural gas, recovery 
of N2 from air, and recovery of H2 from refineries and ammonia plants.
2
  Relative to 
conventional separation technologies (e.g., distillation and amine sorption), membrane 
units typically have lower capital and operating costs, smaller footprints, and require less 
maintenance, and also do not require toxic chemicals.
18
  Current membrane research 
targets include new membrane materials and processes for separations such as: organic 
solvent dehydration (e.g., ethanol/water), carbon capture from flue gas, and 
olefin/paraffin separations (e.g., ethylene/ethane).
2
 
Acid gas (e.g., CO2 and H2S) removal from natural gas provides a large market 
for membrane separations.
2,3
  Worldwide usage of natural gas is over 95 trillion scf/yr.
18
  
Raw natural gas is primarily composed of CH4, but it is frequently contaminated by 
water, carbon dioxide and higher hydrocarbons.
19
  Such contaminants must be removed 
from natural gas to meet pipeline specifications, maintain heating value, recover the 
higher hydrocarbons
19
 and re-inject the CO2 for enhanced oil recovery.
18,19
  In 2008, the 




  Membrane units are utilized primarily for wells with high CO2 contents, 
but the majority of the natural gas purification market is dominated by amine sorption.
18
  
To compete more effectively with amine sorption units, new membrane materials with 
better transport properties and a better fundamental understanding of membrane 
performance stability need to be developed. 
The market for fuel-grade ethanol is a rapidly growing field.
20
  The current 
biofermentation processes used to generate ethanol result in 3-15%wt ethanol in water.
21
  
To be used as fuel, this mixture must be dehydrated to greater than 99%wt ethanol.
22
  
Fuel-grade ethanol production is complicated by the water-ethanol azeotrope that exists 
at approximately 96%wt ethanol.
23
  The current industrial process for producing fuel-
grade ethanol uses two distillation columns to concentrate the ethanol to approximately 
93%wt and then uses molecular sieve columns to create the final product.
24
  This process 
has large heating requirements and, depending on the inlet ethanol concentration, the 
energy required to perform the separation can exceed the heating value of the ethanol 
produced.
21
  The current limiting factor for ethanol dehydration membrane development 
is a lack of materials that are sufficiently stable in the high temperature water and ethanol 
feeds.
9,16
  Novel materials with excellent transport abilities and high thermal and 
chemical stability are needed to develop this market opportunity. 
1.2 GOALS AND ORGANIZATION OF THIS THESIS 
This dissertation covers topics in two areas of membrane science, the 
development of new membrane materials with targeted properties and the study of the 
transport stability in a current material.  The overarching goal of this work is to contribute 
to the development of new membrane applications both by contributing novel materials 
 3 
and by improving the understanding of the fundamental material science that governs 
membrane behavior. 
This dissertation is divided into seven chapters, including this introduction, which 
introduces and motivates the work.  The second chapter provides background on several 
topics important to this dissertation.  The chapter opens with a brief review of small 
molecule transport through non-porous membranes.  Background on physical aging, 
plasticization and crystallinity in polymers is presented next.  Finally, a brief introduction 
to the families of materials studied in this work and details of the relevant commercial 
separations are provided. 
Chapter 3: Materials and Experimental Methods identifies the specific materials 
used in this work and details the processing of those materials.  Also, experimental 
procedures used in sample preparation and measurements of the properties reported in 
later chapters are detailed. 
Chapter 4: Ethanol Dehydration with Thermally Rearranged Polyimides details 
the evaluation of the so-called “TR” polymers
25
 for their ethanol dehydration potential.  
Experimental results for a representative material are presented and then compared to 
both state-of-the-art materials in the literature
16
 and a commercial membrane.
26
  The TR 
polymer was found to have excellent transport properties and, when combined with the 
high thermal and chemical stability characteristic of these materials,
27–29
 is a promising 
material for ethanol dehydration. 
Chapter 5: Gas Transport and Thermal Stability of HFA Containing Polyimide 
evaluates the influence of the hexafluoroalcohol (HFA) moiety on the gas transport in an 
aromatic polyimide.  Although this moiety has received attention in other fields for its 
ability to create strong intermolecular interactions,
30–39
 its effect on gas transport has 
never been evaluated.  Inclusion of the hexafluoroalcohol group improved the 
 4 
permeability of all gases through the film.  Furthermore, the hexafluoroalcohol-
containing polyimide showed resistance to high pressure CO2.   
Chapter 6: Characterization, Physical Aging and Plasticization in Cellulose 
Triacetate reports the gas transport stability in commercial cellulose triacetate (CTA) 
films.  Specifically, the physical aging and plasticization of thick (>10 µm) and thin (<1 
µm) CTA films is reported.  Unlike previously reported materials, 
40–42
 cellulose 
triacetate does not show accelerated physical aging or enhanced plasticization in thin 
films.  Efforts to understand this departure from the expected behavior are founded on 
material and morphology characterization which indicate that the morphology of the 
CTA films may be the origin of the unusual behavior.  
Finally, Chapter 7: Conclusions and Recommendations presents the major 
conclusions of this work along with recommendations for future studies to further 
enhance the field of membrane science. 
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Chapter 2 Background 
2.1 MEMBRANE SEPARATIONS 
2.1.1 Gas Separations 




 demonstrated that gas molecules 
can pass through non-porous rubber films.  Furthermore, due to the lack of a monotonic 
correlation between the transport rate through the films and the known gas phase 
diffusion coefficients of the penetrants, Graham noted that transport through a polymer 
film must be based on both a chemical interaction parameter as well as the diffusion rate.
1
  
From these observations arose the solution-diffusion model, wherein a penetrant 
molecule first dissolves into the upstream face of a film, diffuses through the film, and 
then evaporates off the downstream surface. 
3
  Von Wroblewski used empirical 
observations of the effect of film thickness and gas pressure on the transport rate to 
define the permeation rate, or flux, as follows:
4
 




where N is penetrant flux, P is the permeability, Δp is the pressure difference across the 




Figure 2.1 Schematic of gas separation membrane where p is the pressure of the 
reservoir, C is the concentration of gas in the membrane face 
The system may also be considered from a fundamental transport perspective.  A 
typical membrane process can be depicted as shown in Figure 2.1, where the membrane 
exists between two gas reservoirs and the pressure of the upstream is higher than the 
downstream.  The gas flux, N, from the upstream to the downstream is defined by Fick’s 
first law
5
 (Equation 2.2). 
  (
     





where N is the penetrant flu, Dloc is the binary mutual diffusion coefficient of the gas in 
the polymer, w is the gas mass fraction in the polymer, x is the distance across the film 
and C is the gas concentration in the film. 
When Equation 2.2 is solved with the appropriate boundary conditions and 
combined with the empirical observations of von Wroblewski (Equation 2.1), the steady 




     
     
)  (2.3) 
 
 9 
where P is permeability, C is the gas concentration in the membrane, p is the pressure, the 
subscript 1 represents the downstream side of the membrane, while the subscript 2 
represents the upstream side and D is the average effective diffusion coefficient. 
Finally, the typical form of the solution-diffusion model equation utilizes the 
assumption that the downstream reservoir is at sufficiently low pressures that both C1 and 
p1 are negligible relative to C2 and p2.
4
  Since the concentration in the face of the 
membrane divided by the external pressure to that face is defined as the solubility 
coefficient, S,
5
 the solution-diffusion model is generally written as follows: 
      (2.4) 
where P is permeability, S the solubility coefficient and D the average diffusion 
coefficient. 
Permeability, as defined above, is a material property of a membrane-gas pair and 
is a measure of gas throughput through the membrane.  Permeability is a function of a 
thermodynamic equilibrium term, S, and a kinetic diffusion coefficient, D.  The solubility 
of gases in a polymer generally scales with a measure of penetrant condensability, such 
as critical temperature, although penetrant-matrix interactions also play a role.
4
  The gas 
diffusivity is primarily dependent on penetrant size because a diffusional step occurs only 
when a large enough transient gap opens between the polymer chains.
4
 
The final parameter typically used to characterize gas transport in a polymer is the 
polymer’s ability to selectively permeate one gas relative to another.  The pure gas 
selectivity, α, is typically defined as the ratio of the permeability of the more permeable 
component, PA, to that of the less permeable component, PB (Equation 2.5).
5












2.1.2 Pervaporation and Vapor Permeation 
Pervaporation and vapor permeation are two related membrane techniques for 
separating vapors.  Pervaporation (Figure 2.2a) has a liquid feed that contacts the 
membrane.  A portion of the feed dissolves into the membrane, diffuses across and 
evaporates on the low pressure, downstream side.  Vapor permeation (Figure 2.2b) is 
similar, except that the feed is in the vapor phase.  Although these membrane processes 
follow the solution-diffusion model described in the previous section, thermodynamic 
modeling is used to account for the increased non-idealities that are common in 
pervaporation and vapor permeation separations as well as the fact that pervaporation and 
vapor permeation measurements are typically done using mixed feeds.  A summary of the 




Figure 2.2 Schematics of a) pervaporation and b) vapor permeation systems 
The fundamental driving force for all membrane processes is a difference in 
chemical potential across the membrane.
6
  Thus the steady state flux across the 
membrane, Ni, can be written in terms of a phenomenological constant, Li, and the 
change in chemical potential across the membrane, dµi/dx, (Equation 2.6). 
6
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 (2.6) 
By assuming an isothermal process, a linear fugacity coefficient profile across the 
membrane, negligible concentration polarization and utilizing the equivalence of fugacity 
between the membrane face and the external solution, the flux equation can be rewritten
6
: 




   ̂ 
 ) (2.7) 
where Λi is the permeability of i,   ̂ is the fugacity of i in either the feed, 
F




The fundamental difference between Equation 2.7 and Equation 2.1 is that the 
non-idealities are separated from the material parameter, Λi.  This equation is equally 
valid for both pervaporation and vapor permeation, however, the method of expressing 
the fugacity of the feed,  ̂ 
 , depends on the state of the feed.
6
 
         ̂       ̂ 
     
      (
∫     
 
  




       ̂        (2.9) 
where γi is the activity coefficient of species i in solution, xi is the mole fraction of i in 
the feed,  ̂ 
    is the fugacity coefficient of saturated liquid, pi
sat
 is the vapor pressure at 
the feed temperature, Vi is the liquid molar volume of i, R is the gas constant, T is 
temperature, and    is the fugacity coefficient of i in solution. 
By inserting the appropriate definitions of fugacity into Equation 2.7, the 
permeability, Λi, can be calculated from flux data.  In most pervaporation and vapor 
permeation systems, several additional simplifications can be made.  First, the variation 
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in the liquid phase molar volume with pressure may typically be neglected,
6
 and the 
resulting exponential term, the Poynting factor, may be assumed to be unity in essentially 
all pervaporation and vapor permeation measurements.
6
  Additionally, since the 
pressures, even on the feed side, are low enough that the ideal gas law is a good 
approximation, the fugacity coefficients may be assumed to be 1.
6
  Finally, since the 
permeate side is maintained at near vacuum in the experimental set up, the permeate 
pressure, p
p
, may be assumed to be 0.
6
  Thus the simplified equations for permeability 
that will be used in this text are: 
                  
  
    
  
   
   
    (2.10) 
                    
  
    
  
   
 (2.11) 
Once the permeability has been calculated by the appropriate equation, the 
selectivity, α, may be defined analogously to Equation 2.5 (Equation 2.12).  However, 
because much of the pervaporation and vapor permeation literature reports fluxes instead 
of permeabilities, a term called the separation factor, αSF, is more frequently used 








    
  
   
 ⁄
  
   
 ⁄
 (2.13) 
where xi is the fraction of component i in either the feed, F, or the permeate, P. 
To derive the permeability equations given in Equations 2.10 and 2.11, it was 
necessary to assume that concentration polarization was negligible.
6
  Concentration 
polarization occurs when one component in a mixture permeates enough faster than the 
 13 
other component that the feed on the upstream membrane face becomes depleted in the 
faster permeating component.
8
  This lowers the driving force for the depleted component 
and thus lowers its apparent permeability. 
8
  Concentration polarization can be minimized 
by appropriate experimental design, i.e., introducing mixing on the upstream reservoir or 
by using a sufficient feed rate for a flowing system. 
8
 
2.1.3 General Membrane Design Considerations 
An ideal membrane material would have both high permeability and selectivity. 
However, in 1991, Robeson found an empirical front in the performance of known 
polymers when the membrane selectivity was plotted against the permeability of the more 
permeable component on a log-log plot.
9,10
  An example of this relationship is shown in 
Figure 2.3.  This empirical front was termed the “upper bound”, which was described by 
the following equation. 
   ⁄  
   ⁄
  
   ⁄
 (2.14) 
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A theoretical understanding of the upper bound was advanced by Freeman in 
1999, where the slope of a given upper bound, λA/B, could be predicted with no adjustable 
parameters based on the difference in diameter of the gases being considered.
11
  This 
implies that the slope of the upper bound arises from the strongly size sieving nature of 
the glassy materials that typically define the upper bound.  The front factor, βA/B, was 
found to depend on the free volume and the relative solubility of the penetrant gases, and 
could be estimated with only one adjustable parameter. 
11
  After the 1991 upper bound 
paper
9
 was published, much of the literature focused on materials which approached or 
even surpassed the upper bound.  In 2008, Robeson published an updated correlation 
which demonstrated the same trade-off relationship, although the limits had been pushed 
to higher performance.
10














































choosing the best combination of selectivity and permeability for the economics of the 
separation. 
Another consideration when selecting the targeted membrane transport properties 
are any inherent limitations due the overall process design.  In a binary mixture, the 
concentration of the more permeable component in the permeate stream is a function of 
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2.15 
where ni is the component i concentration on the upstream, subscript 0, or downstream, 
subscript l, side of the membrane,   is the pressure ratio across the membrane (i.e., feed 
pressure/permeate pressure) and α is the membrane selectivity. 
Equation 2.15 demonstrates that, for a given pressure ratio, as membrane 
selectivity increases, downstream purity will approach a limit based on the pressure ratio 
(Figure 2.4).  Since an increase in membrane selectivity is tied to a decrease in 
permeability,
11
 due to the trade-off described above, at a given pressure ratio, there exists 
an optimum selectivity which gives a reasonable product purity with maximum 
permeability.  
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Figure 2.4 Selectivity versus permeate composition as a function of pressure ratio 
calculated from Equation 2.15 with a feed concentration of 60%wt ethanol 
and pressure ratios of 10, 20, 50 and 152. 
In addition to sufficient transport properties, a membrane material must be stable 
over the module’s lifetime.  In the case of glassy gas separation membranes, the stability 
concerns arise primarily from physical aging and plasticization, which will be discussed 
in some detail in later sections (2.2.1 and 2.2.2 respectively).  In an ethanol/water 
separation, there are additional concerns of thermal and chemical stability.  Ethanol 
dehydration membranes will likely be run at temperatures over 100°C and pressures of a 
few bar.
12
  At these conditions, many membranes could be chemically degraded by water 
or ethanol.
7
  As the membrane degrades, it would be expected that the transport 
































































A final consideration is that the material must be processable.  Although the 
relevant material property for comparing permeation between materials is permeability, 
the relevant process parameter is flux.  To minimize the membrane area required to treat 
a given feed stream, the membrane thickness should be minimized.
13
  In practice, the 
solution is to use asymmetric membranes that have a very thin (i.e., ~100 nm) dense layer 
supported by a porous support that contributes little to mass transfer resistance.
8,13
  These 
asymmetric membranes are produced by solution-based processing into either hollow 
fibers or spiral wound modules.
8
  Thus, for a material to be of commercial interest for a 
membrane separation, it must be solution processable and form stable, asymmetric 
membranes. 
2.1.4 Effect of Chemical Structure on Transport Properties 
The influence of chemical structure on transport properties has been, and 
continues to be, a very active field of research.
14–18
  In the search for high performance 
materials, a thorough understanding of the structure/property relationships allows for 
smarter material design.  The following section is a brief overview of some of the more 
relevant effects of chemical structure on transport properties. 
2.1.4.1 Glass Transition Temperature 
Whether the membrane is above or below its glass transition temperature at use 
conditions is one of the primary properties that control transport properties.  Rubbery 
polymers have higher molecular mobility than glassy polymers and so the activation 
energy of diffusion is correspondingly lower.
4
  A lower activation energy of diffusion 
reduces the polymer’s ability to differentiate between molecules based on size.
4
  Thus, if 
it is desirable for a large molecule to permeate faster than a smaller molecule, a rubbery 




  However, in many separations, such as natural gas purification, it is desirable 
to permeate the smaller molecule, which makes rigid, glassy structures more attractive.
4
  
Furthermore, as described above, glassy polymers frequently have a better combination 
of permeability and selectivity and define the upper bound.
10
  The following discussion 
will focus on the chemical moieties for high productivity glassy membranes, which are 
the focus of this dissertation.   
2.1.4.2 Backbone Structure 
 The permeability of a polymer scales with the fractional free volume in the 
polymer such that increasing the polymer’s free volume will typically increase its 
permeability to all gases.  Fractional free volume (FFV), defined below (Equation 
2.16)
19,20
, is a measure of the void space inside the polymer  
    
    
 
            ∑   (2.16) 
where V is the sample’s specific volume, V0 is the occupied volume calculated as shown 
and Vw is the van der Waal’s volume as calculated from group contribution methods.
19–21
 
However, as mentioned above, chain rigidity is one of the factors influencing the 
ability of a polymer to discriminate between penetrants based on size, and, as the 
polymer’s free volume increases, the barriers to chain rotation often decrease.  Thus, to 
develop a structure with a good combination of permeability and selectivity, it is 
desirable to include groups that increase the free volume, but hinder chain motion.
22
   
Many glassy polymers of interest to the gas separation literature have largely 
aromatic backbones.  The aromatic groups are stable, rigid structures that provide a good 
basis for separation membranes.  In addition, it is typically desirable to have the 
backbone connections para substituted.
23,24
  It has been shown in numerous systems, 
including polysulfones, polyimides and polyesters, that meta-substituted rings have lower 
 19 
chain mobility and higher chain packing.
23,25
  Although the reduction in chain mobility 
might be advantageous for certain separations, meta-substituted rings show consistently 
lower permeability, solubility and diffusivity.
4,23–26
  The lower packing density of the 
para-substituted structures is typically attributed to the availability of an aromatic ring 
rotation which could carve out additional free volume in the structure.
4
  The experimental 
results are supported by recent modeling results.
26
 
Additionally, increasing the barriers to rotation between the aromatic rings tends 
to improve membrane performance.
4
  For example, changing from an ether (-O-) or 
methylene (-CH2-) connection between aromatic rings to a isopropylidene (-C(CH3)2-) 
hinders the rotation around the connecting bonds.
27,28
  Hindering chain rotation will 
typically reduce packing efficiency and improve permeability.
4
  Going from the 
hydrocarbon isopropylidene (-C(CH3)2-)  to a hexafluoroisopropylidene (-C(CF3)2-) 
further opens the structure, often with little loss in selectivity as the large trifluoromethyl 
groups strongly hinder chain mobility. 
27,28
  Hexafluoroisopropylidene moieties are 
frequently included in high performing membranes.
10
 
2.1.4.3 Side Chain and Backbone Substitution 
As with designing a glassy membrane backbone, promising side chains and 
backbone substitutions are typically bulky groups which increase the fractional free 
volume and/or increase the chain rigidity.
4
  Typically the same group will cause both 
effects to some degree and so the exact performance result can be difficult to predict.
4
  
For example, methyl groups substituted onto the aromatic rings will tend to both open up 
additional free volume and hinder aromatic rotation.
25,29,30
  Trifluoromethyl and larger 
fluorinated hydrocarbon chains have shown the unusual result of not only increasing the 




Trimethylsilane groups are another bulky substiuent that has been shown to increase 
solubility and diffusion coefficients, and thus, permeability, due to large increases in free 
volume.
4,31–33
  Conversely, polar or hydrogen bonding groups have a tendency to reduce 
the free volume and hinder chain mobility by creating strong intermolecular 
interactions.
4,34
  Finally, in aromatic polymers, symmetric substitution on the aromatic 




2.2 POLYMER PROPERTIES AND PHENOMENA 
 2.2.1 The Glassy State and Physical Aging 
2.2.1.1 Definition of the Glass Transition Temperature and the Glassy State 
One of the most important characteristics of a polymer is the glass transition, Tg, 
where the amorphous region of the polymer takes on the characteristics of the glassy 
state, i.e., rigidity, stiffness and sometimes brittleness.
36
  As a polymer melt cools, 
eventually a temperature, Tg, is reached where there is too little energy for long-range, or 
segmental, motion and the polymer chains are frozen in place.
36
  The glass transition is 
similar to a second order transition, appearing as a change in slope in a temperature vs. 
specific volume graph (Figure 2.5).
36
  The glass transition has been shown to be a kinetic 
phenomenon, where the value of Tg found depends on the timescale of the measurement 
(i.e., a faster cooling rate results in a higher apparent Tg).  Polymers are not the only 
materials that form glasses.  However, due to their high molecular weights, they form 




Figure 2.5 Schematic of specific volume or specific enthalpy of a polymer above and 
below Tg 
2.2.1.2 Introduction to Physical Aging 
Physical aging is the term used to describe the physical change in some property 
of a glassy material as a function of storage time below Tg in the absence of external 
influences.
38
  Properties used to monitor aging include both macroscopic, or bulk, 




  and mechanical properties
43–49
) and 
microscopic properties monitored by scattering or spectroscopic techniques.
39,50–52
  The 
term physical is used to differentiate from chemical or biological aging.  Chemical and 
biological aging both cause irreversible changes to the material, whereas physical aging 
is fully reversible with the appropriate heat treatment. 
53
 
As a material, such as a polymer, is cooled through its glass transition and long 





  This causes the material to have various excess properties 
including specific volume and enthalpy.
37,54–60
 Due to the thermodynamic requirement to 
move towards equilibrium, these excess properties tend to decay over time. 
37
 
The aging rate, or the rate of change in an excess property such as volume, has 
been modeled as shown below: 
37
   
           
    
  
 
      
 (     )
 
(2.17) 
where vsp is the polymer specific volume, t is time, v∞ is the equilibrium specific volume 
and τ is the timescale for molecular rearrangement, which is dependent on vsp and 
temperature, T. 
The driving force for physical aging is the excess property (e.g., vsp-v∞).  The 
physical aging is slowed by the lack of large scale molecular motion, which is 
represented by timescale for molecular rearrangement, τ.  τ is a function of both the 
specific volume, i.e., as the specific volume decreases, the timescale for molecular 
motion increases and temperature, i.e., when temperature decreases, tau increases.  Over 
the course of physical aging, both the driving force for further aging and the polymer’s 
ability to age are decreased.  These factors cause the aging rate to decreases over time or, 
equivalently, physical aging is self-retarding. 
37
   
Both the limited motion available to the polymer chains and physical aging’s self-
retarding nature combine to cause physical aging to persist for very long times.  
Typically, the timescale for equilibration of a glassy material renders the equilibrated 
glass inaccessible except at temperatures very close to Tg (i.e., Tg – Texperiment < ~15°C). 
37
  
Near Tg, the material is closer to equilibrium (cf., Figure 2.5) and the timescale for 
molecular rearrangement is sufficiently short that, with sufficient aging times, the 
equilibrium glass can be reached. 
37
  However, for most traditional glassy polymers, the 
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use temperature is far enough below Tg that the polymers will experience physical aging 
over their entire product lives. 
37
 
As described above, physical aging arises from the decay of excess 
thermodynamic properties such as specific volume and enthalpy towards equilibrium.  
The decay in these thermodynamic properties cause changes in any polymer properties 
that depend on them. 
37
  A typical physical aging experiment consists of measuring the 
evolution of one or more of these properties (e.g., enthalpy overshoot, permeability) over 
time at some temperature below Tg. 
37
 
2.2.1.3 Physical Aging and Transport Properties 
A membrane’s permeability is acutely sensitive to its free volume, and numerous 
reports show that permeability of glassy films declines over time.
40,61–75
  This 
permeability decay has been demonstrated to be thermo-reversible
66
 and is attributed to 
physical aging of the polymer matrix.  Coupled with this decrease in permeability is a rise 
in selectivity for gas pairs that are separated by size (e.g., O2/N2)
67
 because the larger gas 
molecules are more sensitive to the loss of free volume than the smaller ones.
67
  Because 
most upper bound materials are deep in the glassy state and time to equilibrium for these 
materials is much longer than the lifetime of the membrane, these materials may be 
expected to age over their entire lifespan. 
2.2.1.4 Physical Aging in Confined Systems 
Many modern technologies make use of polymer glasses in geometries that are 
confined at the nanometer scale (e.g nanocomposites and gas separation membranes).
76
  
Physical aging in nanoconfined systems is known to differ significantly from bulk, but 




Because the aging rate is closely tied to how far below the Tg the polymer is aged, 
the effect of confinement on the Tg has been studied. 
50,77
  As the confining thickness 
(e.g., film thickness in a membrane) is decreased below a critical value, the glass 
transition temperature begins to deviate from bulk. 
50
  The nature of the deviations seems 
to be dependent on the type of interactions between the glass and non-glass interface. 
50
  
When the substrate and polymer have attractive interactions, Tg is typically raised as the 
confinement increases.
76
  Conversely, when the substrate-polymer interactions are 
repulsive or free/soft interface, Tg tends to decrease with increasing confinement.
76
 
As with the Tg, physical aging experiments have been done in various 
configurations.
76,78–81
  The response of a supported film, like the Tg, is complicated by the 
potential interactions with the substrate.
79
  For example, one study used florescence 
measurements to compare the aging responses of polystyrene and PMMA on silica.
79
  On 
polymer samples annealed 20°C below Tg, a 20 nm polystyrene sample showed no aging 
response, while a similar PMMA film showed aging was occurring even slightly above 
the bulk Tg.  
Experiments with variable energy positron annihilation spectroscopy (PALS) 
have examined the spacial distribution of free volume and physical aging.
82
  The PALS 
results showed that physical aging of 450nm polysulfone films occurred predominately 
by free volume element shrinkage rather than free volume element diffusion to the 
surface.  Using variable energy measurements, free volume element size at different 
implantation depths were tracked over time.  The results showed that physical aging was 
proceeding similarly across the thickness of the film.  However, the near surface region 
of the film had, on average, smaller free volume elements, 
82
  which was attributed to 




Permeability and optical aging studies on thin films of interest for gas separations 
(e.g., Matrimid, polysulfone and poly(phenylene oxide)) have routinely shown consistent 
results.
39,40,66–68,70,72,73,83–85
  In these polymers, as the film thickness decreases below 1 
µm, the aging rate increases (Figure 2.6). The aging rate increase appears as a more rapid 
decrease in the permeability over time in thinner flims.  Additionally, good agreement 




Figure 2.6 Physical aging of thin polysulfone films tracked by permeability decay
67
 
2.2.2 CO2 Plasticization and Conditioning in Polymer Membranes 
2.2.2.1 Definition of Plasticization and Conditioning in Membranes 
Polymer plasticization, as the term was originally used, is a phenomenon whereby 
a penetrant, called the plasticizer, sorbs into a polymer and causes the Tg of the matrix to 
decrease.
86


































penetrant sorbs into the polymer to such a degree that the polymer matrix begins to 
swell.
87–91
  As the polymer swells, the membrane’s permeability to all gases increases. 
87–
91
  The permeability increase affects larger gas molecules more strongly, so the size-
sieving ability of the polymer decreases, which commonly leads to a selectivity 
decrease.
87–91
  The permeability increase has been linked with Tg suppression,
90,91
 but this 
is not universally the case.
91
  Most membrane plasticization studies do not attempt to 
measure the Tg of the swollen material.  For the purposes of this work, the term 
plasticization is used to mean an increase in membrane permeability as the pressure is 
increased beyond a certain point, and the term plasticizer is used to mean a penetrant that 
causes the membrane to be plasticized.  Due to limited mobility, a plasticized, glassy 
membrane cannot always revert to its original, unswollen state even after the plasticizer is 
completely removed.
92
  This phenomenon has been referred to as conditioning and is 
typically tested by tracking the rate at which the polymer reverts to its initial permeability 
either with reduced plasticizer concentration or with a non-plasticizing penetrant. 
2.2.2.2 Plasticization of Polymer Membranes 
The extent of plasticization (i.e., the permeability increase relative to the pre-
exposure permeability) is dependent on the plasticizer concentration and the exposure 
time.  As feed concentration increases, the penetrant concentration in the polymer also 
increases, which increases the swelling and permeability.  One common experiment to 
identify plasticization in a penetrant/polymer pair is the so-called plasticization pressure 
curve experiment.
93–95
  In this experiment, the plasticizer feed pressure is increased step-
wise with the permeability measured at each pressure.  With increasing pressure in a non-
plasticizing feed, a glassy polymer’s permeability will either remain constant or decrease 
slightly due to dual-mode effects.
4
  In a plasticizing feed, the permeability will typically 
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decrease at low concentrations, due to dual-mode effects,
4
 and then rise with pressure.  
The resulting minimum in the permeability vs. pressure curve (Figure 2.7) is called the 
plasticization pressure
93
 and is generally assumed to be where plasticization begins to be 
significant.
93
  However, as stated previously, plasticization is also time-dependent.  If a 
membrane is held at a constant pressure in a plasticizing atmosphere, the permeability 
will continue to rise.
93,94
  In many samples, the permeability does not reach a steady value 
over experimentally accessible time-scales.
93
   
Figure 2.7 Permeability response of a cellulose acetate membrane in a plasticizing (CO2) 
and non-plasticizing (CH4) feed.
94
 
2.2.2.3 Thin Film Plasticization 
Similar to the physical aging studies, plasticization is generally more pronounced 
in thinner films.
93,96,97



































decrease in plasticization pressure and an increase in extent of plasticization have been 
observed (Figure 2.7).
93
   




Although this phenomenon is not well understood, it has been attributed to the 
increased mobility of the thin films which allow polymer to swell more easily.  It has not 
been determined if, given sufficient time, a thin and thick film would swell to the same 
degree due to the large difference in the timescales of these processes.  Thick films have 
been shown to increase in permeability for periods exceeding 1000 hours.
93
  However, at 
these time-scales, the thin films exhibit very different behavior (Figure 2.9).
93
  The initial 
increase in thin film permeability has been attributed to plasticization, but at longer times, 
the permeability goes through a maximum and begins decreasing, which has been 
attributed to physical aging.
93

































faster than that of thick films, and at longer hold times, physical aging seems to dominate 
thin film permeability behavior. 
 




2.2.3 Crystallinity in Polymer Membranes 
2.2.3.1 Crystallinity in Polymers 
Polymers with sufficient structural regularity are capable of crystallizing.
36,86,98
  
Unlike small molecules, polymers generally cannot reach a 100% crystalline structure. 
36,86,98
  The size, shape and distribution of the crystalline domains are dependent on  the 
chemical structure and regularity and several processing variables (e.g., solvent, thermal 
treatment, stress). 
36,86,98

































2.2.3.2 Impact of Crystallinity on Transport in Polymer Membranes 
Crystallinity also affects a polymer’s transport properties.  In general crystals do 
not absorb penetrants into their structure, which means that a fraction of the membrane 
material is unavailable for transport.  The crystals thus reduce the measured uptake, or 
solubility, of a gas by the crystalline fraction.
94
  Crystals can also influence penetrant 
diffusivity in the polymer by changing chain mobility, chain packing and diffusion path 
tortuosity.
99
  It is more difficult to model the influence of crystallinity on diffusivity as 
the effects are strongly dependent on the shape and size of the crystallites, although 
models similar to those used for non-permeable nanocomposites can be used. 
99
  As both 
solubility and diffusivity are reduced by the presence of crystals, permeability must also 
decrease, though it can be hard to predict the extent of permeability suppression. 
2.2.3.3 Impact of Crystallinity on Physical Aging 
As crystals are equilibrium materials, they do not undergo physical aging.  
However, the presence of crystallites can influence the behavior of the amorphous phase.  
There is some evidence that the presence of crystal domains can restrict the mobility of 
the amorphous polymer near those domains, thus raising the Tg of that material while 
leaving the material farther from the crystals unchanged. 
37,44,45,100,101
  The bulk effect of 
the crystals is to broaden the glass transition of the polymer and complicate aging near 
Tg.  When the aging temperature is far below Tg, the entire amorphous region should be 
deep in the glassy state, and the bulk aging should be similar to that of an amorphous 
glass. 
37,44,45,100,101
  As the temperature approaches the Tg of the material with the lowest 
Tg, the aging becomes more complicated and difficult to predict.  Parts of the sample will 
begin to go through their glass transitions while others may still be aging. 
37,44,45,100,101
  
Once the temperature surpasses the Tg of the material with the highest Tg, the sample will 




In the systems and temperatures typically used in membrane aging studies (i.e., 
polymers more than 100°C below their glass transition), semi-crystalline polymers would 
be expected to age like purely amorphous glasses.  Indeed, some work done comparing 
amorphous and semi-crystalline poly(phenylene oxide) showed a decrease in the absolute 




2.3 BACKGROUND ON MATERIALS USED IN THIS WORK 
2.3.1 Aromatic Polyimides 
Aromatic polyimides have been studied extensively for gas 
separations.
4,27,28,70,103–110
  Broadly, they are a family of high-Tg materials with excellent 
size-sieving ability characterized by the presence of imide linkages in the polymer 
backbone.  The relatively straightforward synthesis of these materials and widely 
available dianhydride and diamine monomers has allowed numerous structure-property 
studies to be performed.
27,28,103,104,107,109,111–113
 Aromatic polyimides are frequently among 
the best performing separation materials.
10
 
2.3.2 “TR” Polymers 
Polybenzoxazoles (PBO), polybenzimidazoles (PBI) and polybenzthiozoles 
(PBT) are a family of polymers with high chemical and thermal stability.
114–116
  Most of 
them are, however, insoluble in virtually all organic solvents, 
114–116
 which has limited 
their use in membrane applications as virtually all membranes are made by solution 
processing.  In 2007, it was determined that PBOs synthesized by a high-temperature, 
solid state condensation from ortho-functional, aromatic polyimides and amides (Figure 




These materials have been termed “TR polymers” and have been widely studied as 




Figure 2.10 Schematic showing the conversion of an ortho-hydroximide to 
polybenzoxazole TR polymer. 
2.3.3 Cellulose Acetate 
Cellulose acetates (CA) are a family of materials synthesized by treating naturally 
occurring cellulose with sulfuric and acetic acids.
128
  This process causes the acetylation 
of the cellulose hydroxyl groups (Figure 2.11). 
129
  The average number of acetylated 
hydroxyl groups per repeat unit is the degree of substitution (DS).  Degree of substitution 
thus runs from 0 to 3. 
129
  Typical industrial production of cellulose acetate yields the 






Figure 2.11 Chemical structures of cellulose and cellulose triacetate (DS = 3). 
Many of CA’s properties are dependent on the DS.  For example, increasing DS 
reduces chain packing efficiency and hydrogen bonding between polymer chains, which 
decreases density
129
 and glass transition temperature.
129
  Furthermore, due to the 
differences in molecular structure and intermolecular interactions, cellulose acetate 
samples with different DS require different solvents.
94
  Although unsubstituted cellulose 
is highly crystalline, the tri-substituted structure is the only acetylated repeat unit that can 
crystallize.
36,129
 Thus, triacetate samples will typically be more crystalline than diacetates.   
The degree of substitution also influences the transport properties of the cellulose 
acetate polymers.  The more acetyl substitution on the cellulose chain, the higher the 
intrinsic gas sorption, i.e., gas sorption normalized by the polymer amorphous fraction.
94
  
The permeability also increases with DS due to the more open structure.
94
  The reported 
permeability values for cellulose acetates show a wide variation likely due to different 
casting conditions (e.g., solvent), DS, crystallinity, and testing conditions (e.g., pure gas 
vs. mixed gas),
94,130–141
 which are not rigorously reported in many papers. 
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Unlike the other polymers tested in this work, cellulose acetate is used for 
commercial gas separations.  However, despite being in commercial use for acid gas 
removal from natural gas since the early to mid-1980s,
13
 characterization of the physical 
aging of these materials, particularly thin-film aging, has never been studied.  However, 
aging data does exist in the records of commercial membrane performance over time.  
Figure 2.12 (generously provided by Cameron International Corporation and used with 
permission) shows the performance of the Carigali Hess plant from March, 2008 to July, 
2009.  At the time, the Carigali Hess plant processed 700 MMScfd, reducing the CO2 
content of the natural gas streams from 37% to 15%.  It has since been scaled up to over 
1.28 Bscfd.  Figure 2.12 shows capacity factor, which is a measure of membrane 
throughput and corresponds to permeability, and separation factor, which corresponds to 
selectivity.  The Carigali Hess data show some initial increases in capacity factor, which 
have been attributed to initial membrane plasticization, but then the capacity stabilizes 
and remains constant for over a year.  The selection factor is also constant for the entire 
duration plotted here.  These results are surprising given that cellulose triacetate is known 





Figure 2.12 Carigali Hess natural gas purification membrane operating data from 2008-
2009.  Plot generously provided by Rick Peters at Cameron International. 
2.4 INDUSTRIAL SEPARATIONS 
2.4.1 Ethanol Dehydration for Biofuel 
Current ethanol dehydration technology utilizes two distillation columns to 
decrease the water content from around 90%wt to around 10%wt.
142
  The distillation 
columns are followed by a molecular sieve column to take the ethanol through the 
azeotrope (~4%wt water)
143
 to the final product specifications, water content <1%wt. 
142
  
This separation process consumes large amounts of energy and, depending on the ethanol 
feed concentration, the energy consumed by the separation can exceed the heating value 
of the produced ethanol.
144
  Membranes have been proposed as replacements for one or 
more of these steps.  Current plant designs have shown that if membranes were used to 
replace both the molecular sieve tower and the second distillation tower with membrane 
units, energy savings on the order of 50% could be achieved. 
12
  The parameters targeted 
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for this separation vary, but typical values are purification of a 50%wt ethanol stream to 
over 99%wt at an operating temperature over 120°C and pressure over 3 bar.
12,142,144–147
 
2.4.2 Natural Gas Purification 
As previously mentioned, membranes have been employed for industrial-scale 
acid gas removal from natural gas.
13
  Due to the wide variation in the naturally occurring 
gas streams, each separation site must be individually evaluated and the membrane 
system modified for that site’s particular requirements.
148
  A membrane system will, 
typically, consist of a pretreatment system, the membrane units and the packaging of 
those components. 
148
  The pretreatment system removes stream contaminants that are 
known to be damaging to the membrane, including both naturally occurring contaminants 
(e.g., water, heavy hydrocarbons and aromatics) and those that are introduced to protect 
other parts of the gas production system (e.g., corrosion inhibitors, well additives and 
lube oil). 
148
  Different types of pretreatment systems have been used, but they all must 
reliably treat the feed stream to protect the membrane.  The performance of the 
membrane module depends, not only on the separation properties of the membrane 
material, but also on the design of the module and the supporting equipment. 
8,148
  Both 
hollow fiber and spiral wound modules have been used commercially.
7
  When studying 
membranes targeting these separations, colleagues at Cameron International have 
indicated to the author that the reasonable ranges of parameters include temperatures 
from 10-45°C and individual component pressures in the ranges listed in Table 2.1.  
 37 
Table 2.1 Components and pressure ranges of interest for natural gas purification 
membranes.  Data were provided by Rick Peters at Cameron International. 
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Chapter 3: Materials and Experimental Methods 
3.1 MATERIALS 
3.1.1 HAB-6FDA and HAB-6FDA TR 
The precursor to the material used in the ethanol dehydration study (Chapter 4) 
was an aromatic polyimide synthesized from 3,3’-hydroxy-4,4’-diaminobiphenyl (HAB) 
and 2,2’-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) (Figure 3.1) 
via thermal imidization in solution from the corresponding polyamic acid.  To convert the 
sample to a partial polybenzoxazole (PBO) structure (Figure 3.1), the sample was placed 
in a ceramic dish in a Carbolite Three Zone Hinged Tube Furnace (Model HZS 12/-/600, 
Watertown, WI, USA) with a N2 purge.  The sample was heated at 5°C/minute to 300°C 
and held for 1 hour to ensure complete imidization.  The sample was then heated at 
5°C/minute to the rearrangement temperature, 350°C, and held for an additional hour.  
The furnace was then cooled to below 100°C at a cooling rate below 10°C/minute and 
removed from the furnace.  The physical and gas transport properties of this polymer 






Figure 3.1 Chemical structure of HAB-6FDA and HAB-6FDA TR 
3.1.2 HFA-MDA-6FDA 
The polymer used in the study detailed in Chapter 5 was an aromatic polyimide 
synthesized from 4,4’-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) and  
ortho-hexafluoroalcohol substituted-4,4’methylenedianiline (HFA-MDA).  HFA-MDA-
6FDA (Figure 3.2) was kindly supplied by Central Glass Co., Ltd as films ranging from 
15-30 µm in thickness.  The HFA-MDA-6FDA was synthesized by solid-state 
imidization from the polyamic acid.  The films were additionally dried under vacuum at 
























Figure 3.2: Chemical structure of HFA-MDA-6FDA 
3.1.3 Cellulose Acetate 
Two types of cellulose acetate were utilized in the study detailed in Chapter 6.  
The first, cellulose triacetate (CTA) (Figure 3.3), was provided by Cameron International 
Corporation as a powder.  The degree of substitution was 2.99.  The solvents used for 
CTA were either n-methyl-2-pyrrolidone as a low volatility solvent or a mixture of 9:1 
(m:m) dichloromethane and ethanol as a high volatility solvent.  The second cellulose 
acetate material (ECA1.75) was provided by Eastman Chemical Company with a degree 
of substitution of 1.75 which means that an average of 1.75 of the three cellulose 
hydroxyl groups are acetylated.  1-Methoxyethanol was the only solvent used for 
ECA1.75.  Finally, the heat of melting for a 100% crystalline cellulose triacetate used in 





Figure 3.3 Chemical structure of cellulose triacetate 
3.2 FILM PREPARATION 
3.2.1 Thick Film (>10 µm) Casting 
Thick films were prepared using solution casting techniques.  The polymer was 
first dissolved in an appropriate solvent at concentrations ranging from 2-10%wt.  The 
solution was then filtered using a series of syringe filters with pore sizes as small as 0.1 
µm.  One of two types of casting plates was used.  The first was a polished metal casting 
ring approximately 3 inches in diameter set on a silicon wafer on the surface.  The second 
was a glass plate with a glass casting ring, 2-5 inches in diameter, which was glued to the 
plate using GE Premium Waterproof Silicone.  After the casting plate was leveled, the 
polymer solution was poured into the casting ring and the solvent evaporated.  The 
evaporation rate was controlled by adjusting the temperature and atmosphere above the 
casting solution.  For solvents with high vapor pressures at room temperature, the casting 
ring was covered by a glass plate which was then lifted by a doubled over paper towel.  
This small gap allowed slow circulation of air and kept the concentration of solvent near 
the surface of the film high to slow solvent evaporation.  If the solvent was hygroscopic, 
this could be performed in a N2 purged glove bag or vacuum oven to reduce water 
content.  If the solvent had a low vapor pressure at room temperature, the casting 
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proceeded in a vacuum oven.  The temperature would be slowly raised over the course of 
several hours or days while the pressure was maintained at approximately -10 inHg.  
Whether cast at ambient or elevated temperatures, when a solid film was formed, the film 
was lifted off the casting surface and placed between two glass plates and placed into a 
vacuum oven at a temperature above the boiling point of the solvent and under maximum 
vacuum (-30 inHg) until no residual solvent could be detected by thermogravimetric 
analysis (TGA). 
3.2.2 Thin Film (<1 µm) Casting 
Thin films were prepared by spin-casting.
4
  The solutions were prepared as 
described in section 3.2.1, except the solvent choice was further limited to having a 
boiling point over 100°C.  After filtering, the solution was allowed to settle for at least 12 
hours to remove any bubbles caused by the filtration process.  The solution was then cast 
onto a silicon wafer by spin coating in a cleanroom.  All films were prepared using a 
Laurell Technologies Spincoater.  The spinning conditions used are reported in the 
subsequent chapters.  The thickness of the film can be increased by using a more 
concentrated casting solution, decreasing the spin speed and acceleration or casting 
multiple layers on top of each other.  The film could be subsequently heated for a few 
minutes to drive off residual solvent and then the thickness measured by ellipsometry.  
The film coupons were then lifted off the silicon wafer using a non-solvent, preferably 
distilled water.  The coupons were then lifted onto thin wire frames.  By only supporting 
the film on two opposing sides and using very thin copper wire, the films could easily 
relax when annealed above Tg.  This process removes the additional chain orientation that 
is introduced by spin coating. 
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A major challenge to studying gas transport behavior of thin polymer films is the 
presence of microscopic defects that form with increasing frequency as film thickness 
decreases.
5
  The convective flow through these defects is orders of magnitude faster than 
the solution/diffusion transport through the film.  At an area fraction of 10
-6
, these defects 
can dominate the permeation behavior and render the film non-selective.
6
  The use of 
poly(dimethylsiloxane) (PDMS) as a coating layer effectively blocks these defects.
7
  
Since the transport through the PDMS is also based on the solution/diffusion mechanism, 
the change in measured permeability relative to a defect free film is proportional to the 
area fraction of the defects and, thus, the permeability change relative to a defect-free 
film is negligible.  The permeation behavior of the film of interest may be recovered 
using a simple series resistance model, although typically the influence of the highly 
permeable PDMS is also negligible. 
The PDMS system used in this study was Dehesive 944A with a proprietary 
crosslinker, V24, and catalyst, OL, from Wacker Silicones Corporation, Adrian, MI.  The 
PDMS arrived as a 30%wt solution in naptha which was further diluted with cyclohexane 
to 12%wt silicon content.  This solution was stored in a refrigerator and spun onto the thin 
film prior to lifting.  The wafer was then heated to 110°C for 15 minutes to crosslink the 
PDMS and drive off residual solvent.  The thickness of the PDMS was then measured 
using a Dektak 6M Stylus Profilometer and typically ranged from 3-7 µm.  PDMS is 
more than 150°C above its Tg at ambient conditions, and so it does not age at the 
conditions used in these studies.  PDMS has been previously shown to have no effect on 
the aging
7
 behavior of thin, glassy films.   
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3.2.3 Measuring Film Thickness 
Films with thicknesses greater than 10 µm were measured with a micrometer to 
the nearest 0.1 µm.  These films will be termed “thick films” throughout this dissertation 
and were used for thermal studies, permeation studies and sorption studies. 
Films with thicknesses ranging from 1 to 10 µm were measured using a Dektak 
6M Stylus Profilometer.  The only films in this range were the PDMS coatings on the 
thinner films.  Thus, the profilmeter was used to measure the step change between the 
PDMS and a region of uncoated thin polymer film. 
Films with thicknesses below 1 µm were measured using an M2000 
Spectroscopic Ellipsometer from J.A. Woollam.  Ellipsometry measures the change in 
polarization of light as it reflects or transmits through a material.  These changes in 
polarization are captured by an amplitude ratio, ψ, and a phase difference, Δ.  The change 
in polarization is dependent on both film thickness and optical properties; therefore, it is 
necessary to simultaneously evaluate both.  There are two important optical parameters 
that make up the complex refractive index, the refractive index, or the phase velocity of 
light relative to the velocity in a vacuum, and the extinction coefficient, related the loss of 
wave energy to the material.  In this work, the refractive index is modeled with the 
Cauchy dispersion relationship (Equation 3.1) which assumes the extinction coefficient is 
zero.
8
   







where n is the refractive index, λ is the wavelength of incident light and A, B and C are 
empirical fitting parameters. 
The measurement of the film thickness proceeds as follows: first, the sample is 
measured in the ellipsometer, and then a model is constructed using the known optical 
parameters of the silicon substrate and native oxide layer, which are provided by J.A. 
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Woollam, and a Cauchy layer to represent the film.  The model is then used to calculate 
the predicted light response using Fresnel’s equations.
8
  The unknown parameters, 
thickness, A, B and C are then varied using software provided by J.A. Woollam (WVase 
32 or CompleteEase) to minimize the mean square error between the predicted and 
experimental results.  
3.3 POLYMER CHARACTERIZATION 
3.3.1 Density 
The film density was measured using a Mettler Toledo benchtop density kit (for 
AX/AT/AG balances, Mettler Toledo, Greifensee, Switzerland).  n-Heptane was used as 
the reference fluid as the sorption of n-heptane in the polymer samples was minimal over 
the timescale of the measurement. 
3.3.2 Fractional Free Volume 







 where V0 1.3∑Vw (3.2) 
where FFV is the fractional free volume, V is the specific volume of the sample, V0 is the 
occupied volume calculated as shown and Vw is the van der Waal’s volume of the various 
units that make up the chemical structure of the polymer.
9–11
 
3.3.3 Water Uptake 
The water uptake samples were prepared by fully drying the films under vacuum 
for more than 12 hours.  The samples were then weighed using an analytical balance and 
immersed in a jar of distilled water which was sealed and placed in a 35°C water bath.  
Water uptake was measured by removing the sample from the distilled water and quickly 
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and lightly wiping any excess liquid water off the film surface.  The sample was then 
weighed on the same analytical balance before being returned to the distilled water.  
Measurements were repeated periodically over a week until a constant mass was obtained 
indicating that equilibrium uptake had been reached. 
3.3.4 Gel Fraction 
Gel fraction was characterized by measuring the dry mass of the polymer 
(Sartorius Cubis® Analytical Balance, Sartorius Weight Technology, GmbH, Goettinger, 
Germany) after fully drying the film in a vacuum oven.  The sample was then placed in a 
Soxhlet extractor with the chosen solvent and refluxed for up to 12 hours.  If the film did 
not dissolve, it was removed from the Soxhlet extractor and fully dried in a vacuum oven 
before being weighed.  The gel fraction was calculated as follows: 
             
      
        
 
(3.3) 
where mfinal is the dry polymer mass after extraction and minitial is the dry polymer mass 
prior to extraction. 
3.3.5 Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR was used to evaluate both chemical structure and hydrogen bonding 
interactions.  FTIR samples were dried prior to measurement in a vacuum oven, and 
spectra were collected using a ThermoScientific Nicolet 6700 FTIR using either 
transmittance mode or attenuated total reflectance (ATR) mode using a diamond crystal.  
Transmittance mode is limited to thinner samples and probes the full thickness of the film 




3.3.6 Thermal Stability 
Polymer thermal stability was evaluated by thermal gravimetric analysis (TGA) 
using a TA Instruments TGA Q500 with an N2 atmosphere with flow rates of 40 mL/min 
to the balance and 60 mL/min to the sample.  Samples from 2-12 mg were loaded into the 
sample pan and allowed to equilibrate in the furnace for at least 5 minutes at 25°C.  The 
sample was then heated at 5°C/minute.  The heating protocols are reported with the 
results in subsequent chapters. 
3.3.7 Glass Transition 
Glass transition temperatures (Tg) were determined using a Q100 differential 
scanning calorimeter (DSC) from T.A. Instruments using a dry N2 purge.  Polymer 
samples weighing 2-10 mg were loaded in aluminum pans and allowed to equilibrate in 
the instrument at 40°C for at least 15 minutes. Different heating rates and hold times 
were used depending on the polymer.  These detailed experimental protocols will be 
reported with the results in subsequent chapters.  The Tg is reported as the midpoint of the 
step change in heat capacity. 
The Tg’s of some samples were also evaluated using dynamic mechanical analysis 
(DMA) using a DMAQ800 from TA Instruments.  Samples were measured using a film 
tension clamp with films that were approximately 10mm x 5mm x 0.08mm.  Each sample 
was first equilibrated at -120°C for 15 minutes, and then the temperature was ramped at 
3°C/minute to 300°C.  A static preload force of 0.1 N was used to maintain the sample 
tension.  The measurement was performed using an oscillating amplitude of 15 microns 
at a frequency of 1 Hz. 
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3.3.8 Crystallinity 
Two techniques were used for determining the crystal content of the cellulose 
acetate polymers considered.  The first, wide angle x-ray scattering (WAXD) was used 
on a limited number of samples; however, the results were inconclusive so differential 
scanning calorimetry (DSC) was used for the majority of this work.  To determine the % 
crystallinity by DSC, a 2-10mg sample was loaded into an aluminum DSC pan.  The 
sample was then held at 40°C for 15 minutes to equilibrate with the instrument.  The 
sample was then heated, typically at 20°C/minute, through both the cold crystallization 
exotherm and the melting endotherm.  The percent crystallinity was determined using the 
net melting endotherm, determined from the heat of melting (ΔHm) and the heat of 




                
       
   
       
(3.4) 
3.4 PERVAPORATION EXPERIMENTS 
3.4.1 Equipment 
A schematic of the pervaporation apparatus is shown in Figure 3.4.  The upstream 
feed was a 500 mL reservoir that rested on top of the film and was stirred with a 
suspended magnetic stir bar to reduce concentration polarization.  The membrane sample 
was mounted in aluminum tape as pictured in Figure 3.5.  The metal reservoir and sample 
holder was submerged in an oil bath for temperature control.  The downstream face of the 
membrane connected to a glass manifold with removable glass sample collection vessels.  
The two sample collectors were alternated to allow sample collection to proceed 
continuously.  The permeate samples were collected by condensing them with liquid N2.  
The downstream pressure was maintained at less than 1 torr using a vacuum pump. 
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Figure 3.4: Schematic of the pervaporation apparatus 
Figure 3.5: Construction of a permeation sample 
3.4.2 Procedure 
A pervaporation experiment was begun by mounting the film sample into the 
sample holder and then introducing either pure liquid water or a water/ethanol mixture 
into the reservoir.  The sample chamber was then placed in the oil bath, and the 




allowed to rest overnight to come to thermal equilibrium before liquid N2 was introduced 
to the sample condenser and samples collected. 
The permeate samples were allowed to thaw in the sample condenser and would 
subsequently be weighed to determine the total amount of permeate.  When a mixed 
water/ethanol feed was used, the sample would be further diluted with water before a 
Hewlett Packard 5890 Gas Chromatograph was used to determine the ethanol content of 
the permeate. 
3.4.3 Calculations 
Raw mass data was converted to total and component fluxes according to the 
following equations: 
              
         
         
 (3.5) 
                            
(3.6) 
                         
(3.7) 
Where Ni is the mass flux of component i or total flux, T, MS+SC is the mass of the 
sample and sample container, MSC is the mass of the empty sample container, and CEtOH 
is the mass concentration of ethanol in the permeate determined using a calibration curve 
and gas chromatography. 
The component fluxes were then converted to permeability using Equation 2.10 in 
Chapter 2.  The activity coefficients were calculated using the NRTL method
13
 and the 




3.5 GAS PERMEATION MEASUREMENTS 
3.5.1 Equipment 
All of the permeability measurements were made using a constant volume, 
variable pressure permeability apparatus (Figure 3.6).  This apparatus consists of the 
upstream gas delivery system, a 47 mm Millipore filter holder for the sample and the 
downstream measurement system.   
Figure 3.6: Schematic of the gas permeability system 
The upstream gas delivery system consists of a connection to a high-pressure gas 
cylinder and an upstream ballast volume.  Systems with two different designs were used.  
The first is designed to be open to the gas cylinder at all times, and the second is given a 
charge of gas at the beginning of the experiment but is then disconnected from the 
cylinder.  The first design was used for the general gas permeability measurements on 
HFA-MDA-6FDA work (Chapter 5), while the second design was used for the 
plasticization of HFA-MDA-6FDA (Chapter 5) and all of the cellulose acetate 
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measurements (Chapter 6).  The design of the upstream should not change the measured 
gas fluxes. 
The downstream portion of the apparatus consists of a downstream volume, a 10 
torr pressure transducer and a vacuum line.  The downstream volume consists of both the 
necessary tubing and optional volumes which may be opened for higher flux samples. 
3.5.2 Procedure 
Gas permeation samples were mounted in the same manner as in the 
pervaporation experiment, although the exposed area was smaller (Figure 3.5).  Devcon 
epoxy was used to seal the sample to the upstream aluminum tape because the adhesion 
between the films studied and the aluminum tape was not sufficient to provide a leak-free 
sample.  In the case of thin films, the PDMS layer faced the downstream side of the 
system, thus allowing the film of interest to be in contact with the feed.  The thin film 
was further mechanically supported by Anapore ceramic filters with a 0.02 micron pore 
size which provide negligible mass transfer resistance. 
Permeability measurements were made by first mounting the sample and pulling 
vacuum until the maximum vacuum had been achieved.  This process helps to remove 
sorbed gases in the sample or water which may have sorbed onto the downstream tubing.  
The time required to degas the sample varied depending on the sample thickness, but it 
was typically no longer than overnight.   
After the sample was degassed, the upstream system was pressurized with the 
desired gas with the downstream still under vacuum.  The sample was then allowed to 
come to steady state as indicated by the development of a constant downstream pressure 
while the sample was exposed to vacuum.  When steady state was achieved, the flux of 
gas through the membrane was measured by isolating the downstream volume from the 
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vacuum pump and recording the downstream pressure rise with Labview software from 
National Instruments.  The calculation of permeability from the raw pressure vs. time 
data was done according to Equation 3.8.  Typically at least three measurements were 
made at each pressure to ensure that steady state had been reached.  The pressure was 
then changed for the next measurement, or the sample was again degassed to prepare for 
measurement of a different gas. 
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] (3.8) 
where PA is the permeability of gas A, Vd is the downstream volume, l is the film 
thickness, p2 is the upstream pressure, A is the exposed area of the film, R is the gas 
constant, T is temperature, dp1/dt is the downstream rate of pressure rise at either steady 
state (SS) or due to leaks (leak). 
3.5.3 Physical Aging 
A physical aging experiment ideally began with the thermal annealing of the film 
sample.  Annealing was done in the free standing state, prior to the sample being 
mounted with aluminum tape.  The annealing temperature should be sufficiently above 
the Tg to erase any prior aging and set a known thermal history for the sample.  The 
annealing time and temperature will be noted with the relevant results.  After the 
annealing process, the sample was removed from the oven and quench cooled to room 
temperature before being prepared as described above (3.5.2).  The time from oven to 
mounting in the cell to begin degassing was approximately 15 minutes.  
Once the sample was degassed, the permeability measurements were performed 
as described above (3.5.2).  Physical aging measurements consisted of measuring the O2, 
N2, and CH4 permeability at 2 atm upstream pressure.  The relatively mild upstream 
pressure reduces the chance of the film breaking prior to completion of the measurement. 
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3.5.4 Plasticization 
Due to the exposure-time sensitive nature of CO2 permeability, special care was 
taken when making CO2 measurements.  CO2 permeability measurements require precise 
control of exposure time and pressure, and once the film has been exposed to a program 
of CO2, it was not used for further testing.  Three types of CO2 experiments are described 
below. 
A plasticization pressure curve (PPC) experiment was done by measuring the CO2 
permeability as the pressure was increased step-wise through a series of pressures.  The 
number of pressure steps used depended on the film being tested and can influence the 
results.  Unless otherwise noted, the pressure was held at each step for 10 minutes in the 
case of a thick film or 3 minutes for a thin film.  This difference in holding times was 
necessary due to the increased time to achieve steady state permeation in thick films. 
A hysteresis experiment is a PPC experiment with a longer hold at the highest 
pressure and then a step-wise depressurization that mirrors the pressurization cycle.  This 
cycle of stepwise pressure increases, high pressure hold and stepwise pressure decreases 
made up a single hysteresis loop.  Multiple loops were sometimes performed on the same 
sample to further investigate sample recovery. 
A 2 hour exposure experiment is similar to a PPC except that it utilizes fewer 
pressures with two hour holds at each pressure.  The stepwise increases in pressure were 
performed in the same manner, but the permeability was measured several times 
throughout the two hour holds to evaluate the time evolution of the plasticization 
response. 
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3.6 GAS SORPTION MEASUREMENTS 
3.6.1 Pressure Decay Gas Sorption Apparatus 
Gas sorption measurements were made using a dual volume, dual transducer gas 
sorption apparatus (Figure 3.7), which has also been described elsewhere.
14,15
  The 
apparatus consisted of a pair of small chambers of known volume connected by a valve.  
Each chamber was connected to a pressure transducer.  
Figure 3.7: Schematic of the pressure decay system 
3.6.2 Sorption Isotherm Measurements 
Approximately one gram of polymer film was placed in the sample chamber and 
both chambers were evacuated for at least 12 hours.  The charge chamber was then 
pressurized; and temperature and pressure were allowed to stabilize for 30 minutes to one 
hour.  The valve between the two chambers was opened and then closed to introduce a 
known amount of gas into the sample chamber.  The gas pressure in the sample chamber 
decreased over time until equilibrium was reached.  The amount of gas sorbed into the 
polymer was calculated from the known volume and temperature and measured pressure 
reading using the Virial Equation of State.
16
  Following equilibration at the first pressure, 
the pressure was increased to the next level without pulling vacuum in between.  The 
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sample was fully evacuated prior to using another gas. As with permeability 
measurements, CO2 sorption isotherms require special care.  Due to CO2 plasticization, 
the amount of CO2 in the sample increases slowly over time.  Thus, for CO2 isotherms a 
set exposure time of 24 hours was used to minimize the effect of plasticization. 
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Chapter 4: Ethanol Dehydration with Thermally Rearranged 
Polyimides 
4.1 OVERVIEW 
The goal of this work was to evaluate the potential of thermally rearranged 
polyimides (TR polymers) for ethanol dehydration.  The targeted separation is the high 
temperature (>100°C), high water content (>10%wt) dehydration of ethanol vapor.  Doing 
the separation at these conditions allows for greater energy integration over traditional 
lower temperature, low water content ethanol liquid dehydration for which membranes 
are typically developed.  To evaluate the feasibility of this project, the pervaporation 
performance of a sample material was measured and evaluated against literature reports. 
4.2 EXPERIMENTAL DETAILS 
4.2.1 Materials 
 The TR precursor material selected for this study was synthesized from 3,3’-
hydroxy-4,4’-diaminobiphenyl (HAB) and 2,2’-bis-(3,4-dicarboxyphenyl) 
hexafluoropropane dianhydride (6FDA). The resulting polyimide, HAB-6FDA, (Figure 
4.1), is a high molecular weight member of the soluble TR-precursor family.  High 
molecular weight improves the mechanical stability of the material which is important in 
producing free standing films of sufficient size to measure the pervaporation properties.   
The precursor film was rearranged under a 900 mL/minute N2 purge in a Carbolite Three 
Zone Hinged Tube Furnace (Model HZS 12/-/600, Watertown, WI, USA) using the 
following protocol: heat at 5°C/minute to 300°C, hold for 1 hour to insure complete 
imidization, heat at 5°C/minute to 350°C, hold for 1 hour for rearrangement, cool to room 
temperature at a maximum rate of 10°C/minute.    The resulting chemical structure of the 
film is a mixture of the precursor, HAB-6FDA, and the TR analog, HAB-6FDA TR 
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(Figure 4.1).  Although Figure 4.1 only shows a linear rearranged structure, it is likely 
that the material undergoes some crosslinking during TR reaction.  The same film 
(92.6μm thick) was used for all experiments.  The exposed area was controlled with 







Figure 4.1: Chemical structure of HAB-6FDA and the resulting HAB-6FDA TR 
4.2.2 Pervaporation Experiments 
All pervaporation experiments were performed as described in Chapter 3.  The 
permeability was first measured with a 53:47%mole (60:40%wt) ethanol:water feed as the 
temperature was lowered from 76 to 66 to 56°C.  The sample was maintained at each 
temperature overnight to ensure that thermal equilibrium was reached and then permeate 
samples were collected until a constant composition and flux were achieved.  The 
membrane was at each temperature for roughly 24 hours.  After the series of mixed feed 
experiments, the feed was removed, and the membrane was dried before the same 
membrane was remounted in the permeation cell for measurements with a pure water 






















4.3 RESULTS AND DISCUSSION 
4.3.1 Effect of Temperature and Feed Composition on Water Transport 
The water permeability of HAB-6FDA TR depends on both temperature and feed 
composition (Figure 4.2).  In a pure water feed, when temperature is raised from 66°C to 
95°C, permeability decreases by almost a factor of two.  The diffusivity of molecules 
through a polymer is expected to increase monotonically with temperature; therefore, for 
the permeability to decrease with temperature, the decrease in solubility of water with 
increasing temperature must be more than the increase in diffusivity.  However, even as 
the permeability decreases as temperature increases, the water flux doubles as 
temperature increases from 66°C to 95°C (Figure 4.3).  The rise in flux is due to the rapid 
increase in the vapor pressure of water, or driving force, as the temperature approaches 
the normal boiling point of water.  This rapid increase in driving force with temperature 
is one of the motivations for performing this separation at high temperatures.  Another 
reason is that the feed is likely to be the vapor from a distillation column where the 
temperature is that given by the vapor-liquid equilibrium at operating pressures.
1
  Finally, 
better heat integration with the rest of the ethanol dehydration process can be achieved by 

















































Figure 4.3: HAB-6FDA TR pure water flux and water and ethanol flux in a 60:40%wt 
feed 
When the feed is only 40%wt water, the water permeability is far less sensitive to 
temperature.  Furthermore, the permeability of water in the mixed feed is greatly 
suppressed relative to that in the pure feed.  This result can possibly be explained, at least 
in part, by competitive sorption, where, due to the presence of two species competing for 
the same excess free volume elements, the sorption of each component is lower than their 
pure component sorption values.  Beyond competitive sorption, permeability of a 
component can be lowered in a mixed feed if one of the components (or a combination of 
the components) plasticizes the membrane.  As the feed concentration of the plasticizing 
component decreases, the swelling of the membrane due to plasticization decreases, 
which decreases the permeability of all species. 
Although the permeability of water in the mixed feed is almost independent of 


























































is due to the increase in driving force for water transport with increasing temperature.  
However, the driving force for the mixed feed is lower at a given temperature than that of 
the pure feed. 
4.3.2 Effect of Temperature on Mixed-Feed Permeability  
The water permeability of HAB-6FDA TR in the 53%mole ethanol feed is roughly 
two orders of magnitude higher than the ethanol permeability (Figure 4.4).  Because 
water is both smaller and more condensable than ethanol, water diffusivity and solubility, 
and thus the water permeability, should be higher than those of ethanol.
3
  In addition, the 
ethanol permeability is more dependent on temperature than the water permeability, 
showing more than a factor of two decrease in permeability as the temperature was raised 
from 56°C to 76°C.  This difference in thermal response between the water and ethanol is 
the origin of the increase in water/ethanol selectivity with temperature (Figure 4.5). 


































Figure 4.5: HAB-6FDA TR water/ethanol selectivity in 60:40%wt ethanol:water feed 
Furthermore, because the same sample was used for the entire mixed feed 
temperature study, the stability of the water permeability over the course of the 
experiment indicates that, at these conditions, the membrane seems to be chemically and 
thermally stable, as expected.  If wide scale degradation were occurring, the permeability 
of all species would be expected to rise and lead to a catastrophic decay of selectivity, 
which was not observed. 
4.3.3 Comparison of HAB-6FDA to Materials in the Pervaporation Literature 
There is no consensus in the ethanol/water pervaporation literature as to the best 
conditions to use to test the transport properties of various materials.  Figure 4.6 presents 
a permeability/selectivity trade-off plot in the manner of a Robeson upper bound plot
4,5
 
using data from a recent review article.
6
  Experiments represented in this plot range in 
temperature from 25°C to 75°C.  Furthermore, the feed conditions range from 89-96%wt 






























higher than approximately 10%wt, frequently due to membrane stability problems.  The 
HAB-6FDA TR sample (Figure 4.6) shows a combination of transport properties that put 
it below the majority of samples shown, although it is similar to many materials tested at 
the highest temperatures.  These experiments are all subject to the same considerations 
discussed above; the decrease in water sorption with increasing temperature causes water 
permeability to decrease. Figure 4.7 shows the same trade-off plot, but this time 
highlights the families of materials instead of temperature.  HAB-6FDA TR shows 
performance in the range of many of the aromatic polyimides, which have structures 
similar to that of the HAB-6FDA precursor.  Although HAB-6FDA does not have a 
permeability/selectivity combination that puts it among the highest performing materials, 
it does have stable performance in high temperature water/ethanol mixtures and would be 





Figure 4.6: Effect of temperature on water permeability vs. water/ethanol selectivity 
trade-off 



































































































4.3.4 Comparison of HAB-6FDA TR to Commercial Vapor Permeation Membrane 
Membranes have been commercialized for ethanol vapor dehydration purposes 
with limited temperature and pressure ranges.  One such polymer is produced by UBE 
Industries, Ltd. who have published some of their results.
7
  These membranes provide a 
realistic benchmark for evaluating the performance of the TR membrane.   The exact 
structure of the UBE membrane is not reported, but it is an aromatic polyimide.  The 
necessary calculations have been done to change the reported flux data into permeance, 
(i.e., permeability divided by thickness) but as the UBE material was tested as an 
asymmetric hollow fiber, the thickness of the selective layer is unknown. 
Because the permeability of the UBE material cannot be calculated, it is necessary 
to evaluate the permeance of the TR material.  Asymmetric hollow fibers typically have 
selective layers on the order of 0.1 μm thick, which is roughly four orders of magnitude 
thinner than the TR material tested.  Figure 4.8 shows the water permeance of the UBE 
hollow fiber with two different feeds and the TR material as measured (thickness of 92.6 
μm) and an estimated permeance for a 0.1 μm film.  The estimation assumes that there is 
no change in permeability as thickness decreases, which, in the TR materials, also 
assumes that the conversion reaction is independent of thickness.  On this basis, the 
permeance of the UBE hollow fiber is almost two orders of magnitude lower than the 
estimated permeance for a 0.1 μm HAB-6FDA TR film.  The ethanol results (Figure 4.9) 
are similar in that the HAB-6FDA TR would have higher permeance if its thickness were 
closer to that of the UBE polyimide.  Because the flux of the membrane determines the 
membrane area needed to purify a given stream, on a throughput basis, HAB-6FDA TR 
compares very well to the commercial UBE fiber. 
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Figure 4.8: Water permeance reported for UBE hollow fiber
7
 and HAB-6FDA TR as 
































































Figure 4.9: Ethanol permeance reported for UBE hollow fiber
7
 and HAB-6FDA TR as 
measured and estimated for 0.1 micron film. 
The selectivity of the membrane (Figure 4.10) is the second important transport 
parameter to consider.  In terms of selectivity, the HAB-6FDA membrane is 
approximately the same as that of the UBE hollow fiber.  The decrease in selectivity at 
higher ethanol feed content for the UBE fiber indicates that the membrane is plasticized 
by ethanol.  The TR membrane has selectivity similar to that of the UBE material at 
































































Figure 4.10 Water/ethanol selectivity for HAB-6FDA TR and UBE hollow fiber.
7
 
Finally, it is important to evaluate the necessary selectivity for a practical 
separation.  As described by Richard Baker, the content of ethanol in permeate (i.e., the 
amount of ethanol lost through the membrane) depends on both the membrane selectivity 
and the pressure ratio across the membrane (Equation 2.15).
8
  Evaluation of the given 
equation for these feed conditions (Figure 4.11) demonstrates that at around a selectivity 
of 100, the purity of the permeate becomes less dependent on membrane selectivity, or 
equivalently, the separation moves into the pressure-ratio-limited regime.  Because of the 
trade-off between permeability and selectivity, increases in selectivity are usually 
coupled with decreases in permeability.  Thus, it is typically desirable to have a 
selectivity high enough to be in the pressure ratio limited region, but no higher.  The TR 
polymers are close to this ideal level of selectivity, though perhaps some selectivity could 









































Figure 5.11 Effect of water/ethanol selectivity on permeate ethanol concentration with a 
60%wt ethanol feed.  Pressure ratios of 10, 20, 50 and 152 were used to 
generate these results. 
4.4 CONCLUSIONS 
HAB-6FDA TR has promise as an ethanol dehydration material.  It has 
comparable permeability and selectivity to those of commercial membranes, and while 
not as high performing as some of the best materials the literature has to offer, TR 
polymers have higher thermal and chemical stability, which would allow the separation 
to be performed in the optimum temperature/pressure regime. 
4.5 NOTE ON SUBSEQUENT WORK 
Research on ethanol dehydration with TR polymers has been continued by other 
researchers, Dr. Kris Gleason, Dr. Wenfang Liu, and Dr. Chaoyi Ba.
9
  Their work has 
focused on evaluating the stability of the precursors and TR materials, as well as the TR 


































studies were done using an exposure cell to hold samples at 120°C and 3 bar pressure 
under a 50%wt water/ethanol vapor.  FTIR, TGA and pervaporatation testing 
demonstrate that sample with near 100% conversion to the TR structure are stable in 
these conditions, though precursors and samples with lower conversion are not.  
Additionally, the vapor permeation ethanol dehydration of 100% converted HAB-6FDA 
TR has been tested with both pure and mixed feeds using temperatures up to 170°C and 
pressures up to 6.4 atm.  The results of the vapor permeation studies indicate that, as 
predicted by these results, TR materials have reasonable transport properties in the vapor 
phase.  Both the stability testing and vapor permeation testing also demonstrate the high 
chemical and thermal stability of these polymers, although it is necessary to use samples 
that are more highly converted than the one used in this study. 
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Chapter 5: Gas Transport and Thermal Stability of HFA-Containing 
Aromatic Polyimide 
5.1 OVERVIEW AND INTRODUCTION 
The purpose of this work was to evaluate the effect of the hexafluoroalcohol 
(HFA) moiety on the gas transport properties of an aromatic polyimide.  Studies have 
found that inclusion of certain moieties, such as hexafluoroisopropylidene, can 
substantially improve the gas separation properties of numerous backbone structures.
1–6
  
Although the HFA group has been utilized to improve the chlorine resistance of reverse 
osmosis membranes,
7–9
 this moiety’s influence on gas separation properties has never 
been tested.  Additionally, it was discovered that the HFA-polyimide undergoes an 
unusual reaction or degradation at high temperatures and some work has been done to 
characterize this reaction. 
The HFA group’s unique chemistry has been utilized in several different fields 





 and increasing blend miscibility windows.
18,19
  In 
each of these applications, the HFA group increases intermolecular interactions by being 
a strong hydrogen-bond donor.  Although HFA’s pKa (reported values range from 9-
11
11,20,21
) is approximately equal to phenol, HFA is much more hydrogen-bond acidic 
than phenol.
17,22
  Simultaneously, HFA is less hydrogen-bond basic than phenol,
17,22
 
which causes HFA to have limited self-association.
17,19
  The combination of these factors 
allow HFA groups to interact very strongly with other molecules, particularly any that 
have hydrogen-bond acceptor groups.
23
  Strong interactions between polymer chains can 
increase structural rigidity, which has increased the selectivity of multiple polymer 
structures.
24
  Additionally, trifluoromethyl groups are very bulky which could decrease 
packing efficiency and raise permeability.
24
  The combination of decreased packing 
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efficiency and increased chain stiffness from strong inter-chain interactions could cause 
the HFA group to improve the gas separation properties of the polyimide. 
5.2 EXPERIMENTAL DETAILS 
5.2.1 Materials 
The main polymer used in this study was an aromatic polyimide synthesized from 
4,4’-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) and  ortho-
hexafluoroalcohol substituted-4,4’methylenedianiline (HFA-MDA).  HFA-MDA-6FDA 
(Figure 5.1) was kindly supplied by Central Glass Co., Ltd as films ranging from 15-30 
µm in thickness.  The HFA-MDA-6FDA was synthesized by solid-state imidization from 
the polyamic acid.  The films were additionally dried under vacuum at 120°C for at least 
12 hours before use to remove any sorbed water. 
The second polymer was an HFA-containing aromatic polyamide synthesized 
from HFA-MDA and 4,4’-[2,2,2-trifluoro-1-(trifluoromethyl)ethylidene]bis-benzoyl 
chloride (BAF).  HFA-MDA-BAF (Figure 5.1), which corresponds to the HFA-MDA-
6FDA above, was supplied by Central Glass Co., Ltd. as large chunks.  Films of HFA-
MDA-BAF were cast from tetrahydrofuran (THF) using a silicon wafer and metal casting 
ring in a fume hood.  Films that were approximately 30 µm thick were successfully cast, 
but thinner films cracked prior to lifting.  THF was used as a solvent at the suggestion of 
our colleagues at Central Glass, but later analysis demonstrated that use of THF 
introduced potential complications due to the complexation chemistry available to 
fluoroalcohols (cf. 5.3.6.2).
25
  No other suitable solvents were found.  Due to suspected 
residual solvent, the gas transport properties of this polymer are not reported. 
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Figure 5.1 Chemical structures of polymers used in this study, HFA-MDA-6FDA and 
HFA-MDA-BAF, and the reference material, MDA-6FDA. 
5.2.2 Glass Transition Temperature 
HFA-MDA-6FDA’s glass transition temperature was determined using a Q100 
differential scanning calorimeter (DSC) from T.A. Instruments using a dry N2 purge.  
Polymer samples weighing approximately 5 mg were loaded in aluminum pans and 
thermally equilibrated in the instrument at 40°C for at least 15 minutes. The samples 
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were then heated at 10°C/minute to 150°C and held for 30 minutes to remove sorbed 
water.  The sample was then quench cooled at 30°C/minute to 40°C.  Finally, the samples 
were heated at 10°C/minute to 350°C three times with quench cools at 30°C/minute to 
40°C between each heat.  The Tg is reported as the midpoint of the step change in heat 
capacity for the first heating scan as the sample degraded at temperatures above Tg. 
5.2.3 Thermal Stability 
The thermal stability of HFA-MDA-6FDA and HFA-MDA-BAF were evaluated 
by thermal gravimetric analysis (TGA) using a TA Instruments TGA Q500 with an N2 
atmosphere with flow rates of 40 mL/min to the balance and 60 mL/min to the sample.  A 
10 mg sample was loaded into the sample pan and allowed to equilibrate in the furnace 
for 5 minutes at 25°C.  The sample was then heated to 600°C at a rate of 5°C/minute.  
HFA-MDA-BAF was additionally tested in the high-resolution mode of the same TGA.  
High-resolution mode uses a dynamic heating rate which automatically slows when the 
sample is losing mass. 
Finally, HFA-MDA-6FDA samples were also tested using isothermal TGA.  The 
samples were prepared in the same way, using the same gas flows as described above.  
The method began with a 5°C/minute ramp to 150°C with an isothermal hold for 30 
minutes to remove sorbed water.  The sample was then heated at 5°C/minute to the 
desired hold temperature and held isothermally for 10 hours.  The data are displayed with 
the time axis zero point set to the beginning of the ramp to the final temperature to 
capture mass loss during the heating ramp as well as during the high temperature hold. 
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5.3 RESULTS 
5.3.1 HFA-MDA-6FDA Characterization 
The basic characterization of HFA-MDA-6FDA is summarized in Table 5.1 along 
with literature data for MDA-6FDA.
26,27
  HFA-MDA-6FDA’s density is higher than that 
of similar polyimides, including MDA-6FDA
26,27
, due to the large number of heavy 
fluorine atoms in the HFA-MDA-6FDA structure.  Despite the higher density, the 
fractional free volume of HFA-MDA-6FDA is higher than these same polyimides, 
indicating that the HFA groups disrupted the chain packing. 




It is possible for polyimides to crosslink, especially when synthesized via solid-
state imidization.
28
  Crosslinked polymers have been shown to have improved selectivity 
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i.e., plasticization.  However, HFA-MDA-6FDA does not contain significant crosslinking 
as the sample dissolved in boiling NMP during a gel fraction test. 
The glass transition of HFA-MDA-6FDA (Table 5.1) was measured on the first 
heat because the material undergoes a chemical reaction above its glass transition such 
that subsequent heats show progressively lower Tgs.  This glass transition temperature is 
very high and indicates that the polymer is deep in the glassy state during all of the 
measurements reported here.  The thermal stability is evaluated using TGA (Figure 5.2).  
HFA-MDA-6FDA is thermally stable up to its Tg.  Above Tg, the polymer demonstrates 
two distinct mass loss regions which will be discussed in more detail in Section 5.3.6. 
Figure 5.2 Thermogravimetric analysis for HFA-MDA-6FDA.  Heating rate was 5°C/min 








































5.3.2 Hydrogen-Bonding in the HFA Group 
The transmission FT-IR spectrum of HFA-MDA-6FDA (Figure 5.3) indicates that 
the film is too thick to allow for quantitative analysis.  However, the nature of the HFA 
group can be evaluated qualitatively.  The alcohol in a free HFA group, one with no 




 while hydrogen 





  HFA-MDA-6FDA shows both a sharp band at 3600 cm
-1
 and a very broad 
band from ~2900-3550 cm
-1
, which indicates that many of the HFA groups are hydrogen 
bonding, likely with the imide carbonyls, but there are some that are not hydrogen-
bonded.  The presence of hydrogen-bonding could increase the stability of the polymer 
film in plasticizing environments. 



























5.3.3 Pure Gas Permeability for Non-Plasticizing Gases 
The pure gas permeability coefficients of He, O2, N2 and CH4 at 35°C are shown 
as a function of pressure ranging from 2 to 20 atm (Figure 5.4).  The permeability 
increases as the penetrant size decreases, which suggests that transport in HFA-MDA-
6FDA is primarily limited by the diffusion of gas through the polymer.  Furthermore, O2, 
N2, and CH4 show a slight decrease in permeability with pressure as expected from the 
dual-mode behavior of glassy materials.
24
  Permeability coefficients at 10 atm were 
interpolated from nearby data and these results are summarized in Table 5.2.   
Figure 5.4 Permeability of He, O2, N2 and CH4 in HFA-MDA-6FDA at 35°C as a 







































Table 5.2 Permeability at 10 atm and 35°C for HFA-MDA-6FDA.  Pure gas selectivity at 
35°C and 10 atm for selected gas pairs. 
5.3.4 CO2 Plasticization in HFA-MDA-6FDA 
Plasticization is a phenomenon caused by highly sorbing penetrants, such as CO2, 
which sorb to such an extent that the polymer matrix swells.
30
  Furthermore, in glassy 
polymers, the structural changes caused by plasticizing penetrants can persist for long 
times after the penetrant is removed, an effect called conditioning.
31
 To test the CO2 
plasticization and conditioning of HFA-MDA-6FDA, the pure gas permeability at 35°C 
was tested as a function of pressure according to the protocol shown in Figure 5.5a.  A 
film sample was first exposed to step-wise increases in pressure to 30 atm with a 10 
minute hold at each pressure.  The permeability was measured in the last 90 seconds of 
the pressure hold.  The time-lag of the material is less than 1 minute for CO2 so the 
sample is at steady state for these measurements.  The sample was then held at the 
maximum pressure for approximately 30 minutes before the pressure was decreased in 
the same manner.  The sample was then held at 2 atm of CO2 for approximately 1 day 
before the pressure was again cycled according to the same protocol except that the 
pressure was held at 30 atm for 2 days before the pressure was decreased.   
Permeability (Barrer) Ideal Selectivity 
CO2 CH4 N2 O2 He CO2/CH4 CO2/N2 O2/N2 
51.87 1.1 2.4 12.84 137.3 47 22 5.4 
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Figure 5.5 a. Upstream CO2 pressure during the plasticization experiment.  b. CO2 
permeability at 35°C in HFA-MDA-6FDA.  Red (filled) symbols are the 
first pressure cycle.  Blue (open) symbols are the second pressure cycle.  
Arrows pointing up indicate a pressurization step; circles indicate high 
pressure hold; arrows pointing down indicate a depressurization step. 
The first pressurization (Figure 5.5b) does not show a minimum in the 
permeability versus pressure curve that would be expected if the film were undergoing 
plasticization.
24
  The minimum in the permeability vs. pressure curve is termed the 
“plasticization pressure” and is typically assumed to be where plasticization begins to be 
significant.
32
  In HFA-MDA-6FDA, the CO2 plasticization pressure is above 30 atm 
which is higher than that of many other polymers.
30
 However, the depressurization curve 
shows a somewhat higher CO2 permeability than the pressurization curve.  This 
hysteresis indicates that the polymer has undergone some plasticization-induced swelling 
and, due to the polymer being in the glassy state, this swelling cannot fully relax on the 
timescale of the experiment. Evidence of plasticization below the plasticization pressure 






























































Because the second pressurization curve overlays the first, it can be assumed that 
the plasticization-induced swelling was not very significant or was able to relax during 
the overnight hold at low pressures.  The longer hold time at high pressures causes 
additional plasticization, as shown by the higher permeability at 30 atm, and increased 
conditioning, as shown by the increased hysteresis in the depressurization curve. 
According to published PALS results, during CO2 plasticization of a glassy 
polymer, the average free volume element size becomes larger and the distribution of 
element sizes becomes broader.
33
  The consequences of these changes in free volume are 
different for each penetrant gas.  As the free volume increases, the diffusivity of all gases 
increases, with larger gases being affected more strongly.
24
  Furthermore, recent analyses 
have shown that solubility also increases with free volume, and again larger molecules 
are affected more strongly than smaller molecules.
34
  Thus, the free volume changes due 
to plasticization would be expected to affect the CH4 more strongly than CO2.  To track 
the polymer’s structural recovery after the second CO2 pressure cycle, the permeability of 
CH4 and O2 at 2 and 4 atm were tracked as a function of time (Figure 5.6).  The time axis 
shows the number of days after the end of the CO2 tests described above.  Figure 5.6a 
shows both the O2 and CH4 permeability are higher after CO2 exposure, although over 
time the permeabilities approach their initial value.  The CH4 increases by a larger 
amount relative to its pre-CO2-exposure permeability (Figure 5.6b).  CH4 permeability’s 
relatively long recovery time compared to CO2, which recovered at low pressures 
overnight, is likely due to CH4’s greater sensitivity to changes in the polymer free volume 
due to its larger size.  Since CO2 and O2, are significantly smaller then CH4, they are less 
sensitive to small changes in free volume.  Thus, CH4 permeability’s slow recovery 
indicates that the recovery of the polymer matrix is much slower than indicated by the 
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CO2.  Because the polymer is well below its Tg, its chain motion is limited, and thus it 
would be expected that structural relaxation would be slow. 
Figure 5.6 a. Permeability of O2 and CH4 as a function of time after CO2 exposure.  b. 
Permeability of O2 and CH4 normalized by pre-exposure permeability as a 
function of time post-CO2 exposure.   
5.3.5 Effect of HFA Group on Gas Solubility and Diffusivity 
The gas sorption isotherms (Figure 5.7) are concave to the pressure axis, which 
demonstrates the expected dual-mode behavior.
24
  The order of the gas sorption (SN2< 
SO2< SCH4< SCO2) follows the gases’ condensability.  Using the solubility at 10 atm and 
the permeability reported in section 5.3.3, the solution-diffusion model can be used to 
estimate the diffusion coefficient (Table 5.3).  The reported permeabilities, solubilities 






































































































































































HFA-MDA-6FDA’s permeability to all gases is 2.5 - 4 times higher than MDA-
6FDA’s reported permeabilities, which is consistent with the higher calculated free 
volume in the HFA structure.  The HFA structure’s higher free volume is also consistent 
with the higher diffusivities relative to MDA-6FDA.  In almost all cases, HFA-MDA-
6FDA’s diffusion coefficient is more than 3 times that of MDA-6FDA.  The relatively 
large disagreement between the Coleman and Hirayama values for MDA-6FDA is likely 
due to their different measurement techniques.  Hirayama et al.
26
 measured the diffusivity 
using the time lag method
35
 and then used the solution-diffusion model to calculate 
solubility.  Coleman et al.
27
 used the same methods described here, i.e. measuring 
Permeability (Barrer) CO2 CH4 O2 N2 CO2/CH4 O2/N2 CO2/N2 
HFA-MDA-6FDA 51.87 1.1 12.84 2.4 47.2 5.4 21.6 
MDA-6FDA (Hirayama)
26
 15.1 0.321 3.15 0.563 47.0 5.6 26.8 
MDA-6FDA (Coleman)
27





/s) CO2 CH4 O2 N2 CO2/CH4 O2/N2 CO2/N2 
HFA-MDA-6FDA 140 9.3 180 37 15.1 4.9 3.8 
MDA-6FDA (Hirayama)
26
 15.5 1.54 42.7 8.64 10.1 4.9 1.8 
MDA-6FDA (Coleman)
27







CO2 CH4 O2 N2 CO2/CH4 O2/N2 CO2/N2 
HFA-MDA-6FDA 2.86 0.9 0.56 0.49 3.2 1.1 5.8 
MDA-6FDA (Hirayama)
26
 7.40 1.58 0.56 0.50 4.7 1.1 14.9 
MDA-6FDA (Coleman)
27
 3.96 1.18 0.82 0.46 3.4 1.8 8.6 
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sorption coefficients and calculating diffusivity.  The variation between the two diffusion 
coefficients reported for MDA-6FDA is, however, much smaller than the difference 
between either of these values and the HFA-MDA-6FDA diffusion coefficient.  The 
solubility coefficient shows a similar variation in the literature values for MDA-6FDA.   
However, for all gases, HFA-MDA-6FDA has a similar or lower solubility coefficient 
than MDA-6FDA. 
The increase in diffusion coefficient is expected for a higher free volume 
polymer; however, what are unexpected are the unchanging ideal selectivities between 
several gas pairs (Table 5.3).  In many polymers, a trade-off relationship exists between 
permeability and selectivity such that increases in permeability cause proportional losses 
in selectivity.
36,37
  This trade-off relationship is most clearly seen in the so-called 
Robeson upper bound plots (Figure 5.8). 
36,37
  Typically, a simple increase in free volume 
will cause the polymer to move parallel to the upper bound towards higher 
permeability.
38
  However, HFA-MDA-6FDA moves almost horizontally relative to 
MDA-6FDA.  It is not clear from these results why the HFA group does not follow the 
typical trade off behavior.  Hexafluoroisopropylidene units have been hypothesized to 
increase free volume, while hindering chain rotation, which causes a similar type of non-
trade-off behavior.
3
  Additionally, the highly hydrogen-bond-acidic HFA groups may 
hydrogen bond with the carbonyls of the imide group to additionally increase the rigidity 
of the structure and increase selectivity relative to the unhydrogen-bonded structure. 
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Figure 5.8 Upper bound plots for a. CO2/CH4, b. CO2/N2 and c. O2/N2.  HFA-MDA-
6FDA is a red, filled circle.  MDA-6FDA data are open circles.
26,27
  Grey 
symbols indicate data from the original upper bound plots.
37
 
5.3.6 High Temperature Reaction in HFA-MDA-6FDA and HFA-MDA-BAF 
5.3.6.1 TGA Results for HFA-MDA-6FDA 
The TGA of HFA-MDA-6FDA (Figure 5.2) has an unusual two-step mass loss 































































































































product.  This two-step mass loss is similar to the TGA results seen for the TR precursor 
hydroxyimides.
39
  A benzoxazine product similar to the TR benzoxazole
39
 can be 
proposed for HFA-MDA-6FDA (Figure 5.9).   
Figure 5.9 Chemical structures of HFA-MDA-6FDA and the proposed product, HFA-
MDA-6FDA T. 
With a given starting material and product, the theoretical percent mass loss can 
be calculated as follows: 
                     
(                     )
        
       (5.1) 
where Minitial is the starting material’s repeat unit molecular weight and Mtheoretical is the 
predicted structure’s repeat unit molecular weight. The theoretical mass loss for HFA-
MDA-6FDA to the benzoxazine product is 9.4%, which is similar to the mass loss 
measured by TGA.   
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To attempt to understand the maximum possible mass loss, HFA-MDA-6FDA 
was also tested via high temperature, isothermal TGA (Figure 5.10).  In these tests, the 
sample was held at the listed temperature for 10 hours to observe the evolution of the 
mass loss.  In all samples, as soon as the temperature reached 310°C, approximately 30 
minutes after the start of the temperature ramp, the mass rapidly decreases by about 10%.  
After the rapid initial mass loss, all samples experience a slow downward drift that 
continues for the entire 10 hour hold and becomes more pronounced at higher hold 
temperatures.  This result may indicate that there are two reactions occurring in these 
samples, the first reaction happens rapidly once the sample has sufficient thermal energy, 
while the other is a much slower reaction that occurs over very long times.  Similar 
results have been found in the TR polymers.
40
  In those systems, the rapid mass loss is 


























Figure 5.10 Isothermal TFA results for HFA-MDA-6FDA.  Samples were first held at 
150°C for 30 minutes (not shown).  Time zero was set to the beginning of 
the 5°C/minute ramp to the listed temperature. 
5.3.6.2 TGA Results for HFA-MDA-BAF and Evaluation of Solvent Removal 
Figure 5.11 TGA of HFA-MDA-BAF using a 5°C/minute heating rate under a N2 purge 
HFA-MDA-BAF was also tested via TGA and showed a two-step mass loss 
similar to HFA-MDA-6FDA, but at lower temperatures (i.e., 150-250°C) (Figure 5.11).  
Given the reaction proposed in 5.3.6.1, the predicted product for HFA-MDA-BAF is 
shown in Figure 5.12.  However, the theoretical mass loss (Equation 5.1) for HFA-MDA-
BAF to the proposed product is only 4.1%, while the actual mass loss observed in the 






















Figure 5.12 Chemical structures of HFA-MDA-BAF and proposed product, HFA-MDA-
BAF T 
To examine the mass loss of HFA-MDA-BAF in more detail, the experiment was 
repeated using high-resolution TGA (Figure 5.13), which slows the heating rate during 
periods of mass loss.  High-resolution TGA helps isolate thermal events which occur at 
similar temperatures. The high resolution TGA shows two mass loss events in the range 
of 150-250°C as shown by the two peaks in the derivative mass loss.  However, as the 
two events are still overlapping, it is impossible to assign the proper mass losses to each 
event.   
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Figure 5.13 High resolution TGA results for HFA-MDA-BAF and the derivative of the 
mass loss curve. 
One explanation for the higher than predicted mass loss for HFA-MDA-BAF is 
that these samples may have formed a stable HFA-THF complex that cannot be removed 
by the drying process used here (i.e., under vacuum at 100°C for several days).  THF can 
form stable 1:1 complexes with secondary and tertiary fluoroalcohols such as 1,1,1,2,2,2-
hexafluoro-2-propanol (HFIP, i.e., a small molecule analog of the HFA group).
25
  The 
HFIP-THF complex is stable at its normal boiling point, which is approximately 100°C 
(i.e., more than 30°C above the boiling point of either THF or HFIP).
25
  A similar 
complex could form between THF and the tertiary HFA group in HFA-MDA-6FDA, and 
it would be difficult to determine solely from the mass loss results.   
FTIR analysis of an HFA-MDA-BAF film cast from THF (cf. Figure 5.15) can be 
compared with reported shifts in the alcohol peak of HFIP due to complexation with 
THF.
25







































wavenumber as the –NH peak of the amide group and other possible hydrogen-bonded 
HFA signals (i.e., hydrogen bonding with water or the amide group).
15,18,20,29
  With the 
number of overlapping potential peaks, it is not possible to discern a clear signal for 
HFA-THF.  Furthermore, the THF peaks cannot be separated from the HFA-MDA-BAF 
spectrum.  The CH2 peaks of THF overlap the –OH/-NH signal and the ether peak and 
five-membered ring stretch of THF overlap the CF3 and amide functionality of HFA-
MDA-6FDA.  Thus, due to the complexity of HFA-MDA-BAF’s FTIR spectrum, it is 
impossible to definitively demonstrate either the presence or lack of THF in the film. 
The potential for an HFA-THF complex complicates the interpretation of the 
mass loss in TGA.  Like the HFIP-THF complex, 
25
 an HFA-THF complex would likely 
be stable at 100°C, and being bound to the polymer would prevent the HFA-THF from 
vaporizing.  However, for the proposed reaction to occur, any HFA-THF complexes 
would have to degrade first.  The double event indicated by the high resolution TGA is 
consistent with first, the degradation of the HFA-THF complexes, and then the 
conversion to HFA-MDA-BAF T.  The mass loss for the conversion from (HFA-THF)-
MDA-6FDA to the proposed product is 20.3%, which is consistent with the mass loss 
observed by TGA.  However, instead of the proposed reaction, the structure could be 
undergoing some form of degradation.  The chemical structure HFA-MDA-BAF T will 
be examined further using FTIR in Section 5.3.6.4. 
5.3.6.3 Changes in Tg of HFA-MDA-6FDA 
As reported above (Section 5.3.1), the reported Tg of HFA-MDA-6FDA was 
determined on the first heat because the polymer clearly begins to react just above Tg 
(Figure 5.14).  Immediately after passing through Tg, an exothermic event begins.  After 
reaching 350°C, the sample was quench cooled (30°C/minute) to 40°C before being 
 101 
heated again.  With each subsequent heat to 350°C, the Tg decreases and, by the third 
heat, the Tg was almost 25°C lower.  The decrease in Tg as the reaction occurs indicates 
that the structure is becoming more flexible as the reaction proceeds.  
Figure 5.14 3 sequential DSC scan results for HFA-MDA-6FDA.  Sample dried in DSC 
at 150°C for 30 minutes (not shown).  Heats performed at 10°C/minute with 
quench cools at 30°C/minute (not shown) between heats. 
5.3.6.4 Chemical Analysis by FT-IR 
Film samples were studied via FT-IR to observe the changes in chemical structure 
due to the high temperature reaction.  Specifically, films of HFA-MDA-6FDA and HFA-
MDA-BAF were tested via transmission FT-IR.  Additionally, films of HFA-MDA-BAF 
and HFA-MDA-6FDA were thermally treated under a N2 purge in a Carbolite Three 
Zone Hinged Tube Furnace (Model HZS 12/-/600, Watertown, WI, USA).  The 6FDA 
film was treated at 400°C for 3 hours (HFA-MDA-6FDA-T); and the HFA-MDA-BAF 


























to prepare the thermally treated samples were based on preliminary results provided by 
Central Glass Co., Ltd.  The HFA-MDA-BAF-T film was also tested via transmission 
FT-IR; however, the HFA-MDA-6FDA-T was tested by Attenuated Total Reflectance 
(ATR). 
The FT-IR spectrum of MDA-6FDA has been reported
41
 and can be used to 
identify the peaks in the HFA-MDA-6FDA spectrum (Figure 5.15).  The peak from 
3000-3500 cm
-1
 contains the –OH signal, any residual N-H from incomplete imidization 
and signals for the C-H bonds.  This region has been previously analyzed (5.3.2) as 
membrane hydrogen bonding can influence the gas transport properties.  Other important 
peak assignments include: C=O (1790 and 1720 cm
-1





), and one of the imide peaks (723 cm
-1
).  Additionally, in the range of 
1130 to 1300 cm
-1
, peaks corresponding to the C-F bonds, C-N bonds and imides all 
appear, but are impossible to distinguish due to their high absorption and peak overlap.  
Finally, the peak at 969 cm
-1
 may be associated with the C-O stretch in the HFA group, 







Figure 5.15 FT-IR spectra for HFA-MDA-6FDA and HFA-MDA-BAF 
The HFA-MDA-BAF’s spectrum can then be assessed relative to the HFA-MDA-
6FDA spectrum (Figure 5.15).  The region from 3000-3500 cm
-1
 shows a difference in 
shape, but this is expected based on the presence of an additional -NH group in the 
polyamide (HFA-MDA-BAF) structure which will contribute to this signal and can also 
participate in hydrogen bonding. The changes in the C=O and imide regions are also 
consistent with a switch from an imide structure to an amide structure.  Alternatively, 
changes in both the –OH region and in the range of 900-1100 cm
-1




Comparing the HFA-MDA-6FDA spectrum with the HFA-MDA-6FDA-T 
spectrum shows some interesting changes (Figure 5.16).  The most obvious change is the 
lack of the broad –OH absorbance in the HFA-MDA-6FDA-T spectrum that indicates 
that the high temperature reaction has caused the loss of the hydroxyl units.  In the region 
below 2000cm
-1
, there are several significant changes.  First, several imide peaks decay 
including: C=O (1790 and 1720 cm
-1
), C-N (1380 cm
-1


















































Unfortunately, the disappearance of these groups only indicates that the imide structure 
may be disappearing, but does not indicate if the structure is degrading or changing into 
the benzoxazine structure.  Additionally, there are changes in the region from 1130-1300, 
but due to the overlap in these peaks, it is impossible to interpret what is occurring.  If the 
benzoxazine structure were forming, two new peaks would be expected.  First, a C-O-C 




 which is, 
unfortunately in the region with several other peaks.  Second, a peak relating to the C=N 





 and having the carbon and the nitrogen bonded to 
phenyl rings tends to lower the wavenumber beyond that range.
44
  The HFA-MDA-
6FDA-T sample has a new peak at 1600 cm
-1
, but it isn’t clear if this is just a result of 
shifting in the nearby benzene ring stretch.  Thus, these FT-IR results show some of the 
expected changes for the benoxazine reaction, but do not conclusively rule out 
degradation. 









































































Comparing the HFA-MDA-BAF and HFA-MDA-BAF-T spectra (Figure 5.17), a 
similar result emerges.  Again, the structure loses the –OH and –NH peaks above 2500 
cm
-1
.  There are changes in the C=O peaks (1650 and 1600 cm
-1
), although the changes 
seem more like shifts in wavenumber, rather than disappearing as in the HFA-MDA-
6FDA-T spectrum.  Additionally, there is a new peak in the HFA-MDA-BAF-T spectra 
at 1565, which likely corresponds to -NH deformation.  The C-N peak at 1420 cm
-1
 
seems to be decaying.  Again, it is impossible to sort out the region containing the CF3 
groups, but there do seem to be some new peaks at 1100 and 1020 cm
-1
, which could 
correspond to amines and ethers.  Unfortunately, the FT-IR results are inconclusive.  
Some possible evidence of benoxazine formation can be found, but the results could also 
indicate some form of degradation.  Further chemical characterization would be required 
to evaluate the thermally treated materials’ structures. 




















































Introducing the HFA group to the MDA-6FDA structure caused an increase in the 
fractional free volume of the material which increased the permeabilities of all gases.  
However, this increase in permeability is not accompanied by the expected decrease in 
selectivity.  Although the causes of the unusual transport behavior cannot be described 
definitively, these changes are similar to those seen when hexafluoroisopropylidene units 
are introduced to the backbone of other polymers. 
The TGA of both HFA-MDA-6FDA and HFA-MDA-BAF both show an unusual 
double mass loss at high temperatures.  Unfortunately, due to overlapping peaks and 
complex chemical structure, it is not possible to use FT-IR to determine the chemical 
structure of the products.  However, in the HFA-MDA-6FDA, the increase in chain 
flexibility combined with the high reaction temperature make it likely that the sample has 
undergone at least some degradation.  The HFA-MDA-BAF structure undergoes its 
transition at lower temperature, which reduces the chance of degradation; however, 
potential formation of HFA:THF complexes makes analysis difficult. 
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Chapter 6 Characterization, Physical Aging and Plasticization in 
Cellulose Triacetate 
6.1 OVERVIEW 
The purpose of this study was to evaluate the physical aging and CO2 
plasticization response of thin cellulose triacetate (CTA) films relative to their thick film 
counterparts.  To evaluate the properties of thick and thin CTA films, it was also 
necessary to perform supporting characterization of the morphology and thermal 
properties of the CTA films. 
6.2 EXPERIMENTAL DETAILS 
6.2.1 Materials 
This project focused on cellulose triacetate (CTA) graciously provided as a 
powder by Cameron International.  This CTA polymer has a degree of substitution (DS) 
of 2.99 and is semi-crystalline, with crystallinities that range from 20%wt to over 70%wt 
depending on the sample preparation. 
6.2.2 Casting Details 
Thick CTA films (>10 µm) were prepared using a 9:1 (mass:mass) mixture of 
dichloromethane and ethanol as a solvent.  The polymer solution was cast on a glass plate 
using a glass casting ring and the solvent evaporated at room temperature in a fume hood.  
After a solid film was formed, the sample was additionally dried between glass plates at 
120°C overnight under full vacuum to complete the solvent removal. 
Thin CTA films were spin coated on a silicon wafer from an n-methylpyrrolidone 
(NMP) solution.  CTA has limited solubility in NMP and the maximum stable solution 
was approximately 2%wt.  To vary the film thickness, it was necessary to either spin 
multiple coats on the same wafer or reduce the spinning speed.  Spin casting was done 
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with a Laurell Technologies spin coater, and typical spin casting parameters used in this 
study are: spinning speed of 700 RPM, Acceleration 11 and a spinning time of 4 minutes.  
The four minute spin time was insufficient to allow the NMP to fully dry so the wafers 
were additionally dried on a hot plate at 70°C for another four minutes.  At this point, the 
films’ thicknesses were measured, even though the films still contain some NMP.  The 
films were then lifted on to wire support frames for annealing as described elsewhere.
1
  
The annealing process reset the thermal history and completed the solvent removal.  
Finally, to correct for any thickness changes that occur during this final annealing and 
solvent removal step, a representative sample was placed back on to a silicon wafer and 
the thickness was again measured.  The percent change in thickness for this sample 
between the pre- and post-annealing measurement was used to adjust the thickness of the 
permeability samples, whose thicknesses could not be remeasured. 
6.2.3 Crystallinity Determination 
Crystallinity in all samples was determined by differential scanning calorimetry 
(DSC).  Specifically, following the procedures in Chapter 3, a dry sample was heated to 
305°C at 20°C/minute.  Using the Universal Analysis software provided by TA 
Instruments, the area of the melting peak and the crystallization peak, if any, could be 
calculated.  The percent crystallinity is then given by the following equation:
2
 
                
       
   
      6.1 
where ΔHm is the area of the melting endotherm (J/g sample), ΔHc is the area of the 
crystallization exotherm (J/g sample) and ΔH
0
 is the heat of melting a 100% crystalline 
sample which is taken to be 34.3 J/g.3 
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6.3 RESULTS 
6.3.1 Initial Characterization and Comparison with Literature 
6.3.1.1 Density 
A membrane’s density is closely tied to the material’s free volume and, thus, with 
its transport.  The density of CTA was measured by two different methods.  First, the 
density was measured using a benchtop density kit as described in Chapter 3.3.1.  The 
second method used a magnetic suspension balance from Rubotherm.  This technique 
measures the mass of the sample under vacuum before automatically measuring the mass 
change upon pressurization with increasing pressures of helium, which has a low sorption 
in polymers.  The density of the He gas was calculated using the Virial Equation of 
State.
4
  From the slope of the sample mass versus density of He, the volume of the 
sample can be obtained (Figure 6.1).  The sample volume can then be combined with the 
sample mass to give the density.  The density values obtained by analytical balance 
method and the magnetic suspension balance method were 1.287 g/cm
3
 and 1.294 g/cm
3
, 
respectively.  These densities are compared against literature values
3,5
 in Figure 6.2.  The 
density of this CTA sample (DS 2.99) agrees reasonably with the literature data. 
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Figure 6.1 Magnetic Suspension Balance sample mass versus surrounding Helium 
density.  Sample mass taken from intercept (i.e., under vacuum) and sample 








































6.3.1.2 Thermal Stability 
The thermal stability of CTA was evaluated by TGA using a 5°C/minute heating 
rate (Figure 6.3).  CTA is not stable above 300°C, even for short times.  By doubling the 
heating rate to 10°C/minute, the decomposition temperature can be increased to 
approximately 305°C.  However, hold times at these temperatures must be avoided to 































Figure 6.3 Thermal stability of CTA measured by TGA using a 5°C/minute and a 
10°C/minute heating rate. 
6.3.1.3. Wide Angle X-Ray Diffraction 
Wide angle X-ray diffraction (WAXD) is a spectroscopic technique frequently 
used to study the crystal structure of polymers.  WAXD was measured on both a 
powdered CTA sample and a film sample with very different results.  The powder result 
(Figure 6.4a) shows a typical WAXD result for a polymer sample.  The scattering results 
were fit to two broad amorphous scattering peaks to account for the non-crystalline 
regions of the polymer.  The residual peaks after the amorphous scattering is accounted 
for are then attributed to the crystalline scattering.  The relative area of the two types of 
scattering patterns provides a measure of the fraction of crystalline domains. 
The results for the film sample (Figure 6.4b) are very different.  The entire spectra 
can be fitted with three crystalline peaks.  These crystalline peaks are so broad, however, 
that they could also be interpreted as amorphous scattering.
6


















results leads to the conclusion that the sample is either 100% crystalline or 100% 
amorphous.  However, the DSC results for this same sample indicate that the sample is 
approximately 44%wt crystalline, and thus should show both crystal and amorphous 
scattering.  These contradictory results could be explained by very small crystalline 
domains in the film sample. 
6
  As the crystal domains get smaller, the corresponding 
WAXD peaks become broader.  If the crystallites are small enough it can be difficult to 
distinguish between amorphous and crystalline scattering.
6
  Due to these results, 
crystallinity is determined by DSC throughout the rest of this work. 
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Figure 6.4 WAXD of CTA a. powder and b. 20 µm film sample.  Tests were performed 
by Dr. Steven Swinnea at the Texas Materials Institute. 
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6.3.1.4 Effect of Sample Form on Thermal Characteristics 
Several different CTA samples were studied by DSC (Table 6.1).  Samples 
included: CTA hollow fibers generously provided by Cameron International, the CTA 
powder from which the hollow fibers were made, and a representative thick film cast by 
the author from the powder sample, which was heated to 210°C for 20 minutes to remove 
solvent.  Each sample was first heated in the DSC to 120°C and held isothermally for 1 
hour to remove any sorbed water.  The sample was then cooled to 40°C before being 
heated to 305°C at 20°C/minute.  It is important to note that the hollow fiber signal seen 
by DSC will be representative of the porous support layer rather than the selective surface 
layer.  The Tg of the powder sample, measured as received, was too broad to show a clear 
step change and could not be determined.  The film sample has a higher Tg than the 
hollow fibers, though the crystallinity is similar.  The melting temperatures of the hollow 
fibers and the film are similar, which indicates that the crystals are similar in size, though 
the shape and distribution of the crystallites cannot be determined.
2,7
  The powder sample 
likely has smaller crystals as the melting temperature is 10°C lower.
2,7
  Furthermore, the 
film sample undergoes a similar amount of crystallization to the hollow fibers during 
heating, though the film does not begin to crystallize until a higher temperature.  
However, the film, has a similar crystallinity and melting point as the hollow fibers, 




 Tg (°C) Tc (°C) ΔHc (J/g) Tm (°C) ΔHm (J/g) % Crystallinity 
Hollow 
Fiber 
181 211 2.65 296 19.12 48.0% 
Film 191 220 2.97 292 21.35 53.6% 
Powder - - - 284 17.26 50.3% 
Table 6.1 Thermal properties of CTA hollow fiber, thick film and powder.  Tc is the 
temperature of the crystallization peak, ΔHc is the enthalpy of 
crystallization, Tm is the temperature of melting and ΔHm is the enthalpy of 
melting. 
6.3.1.5 Permeability of CTA at 10 atm Compared to Literature 
CTA’s permeability to several gases is summarized in Table 6.2 along with 
literature data for a selection of Eastman Chemical Company cellulose acetate samples 
reported by Puleo et al.
3
  The Eastman samples show monotonically increasing 
crystallinity and permeability to all gases as the degree of substitution is increased.  
However, the Cameron CTA sample does not follow this trend.  The crystallinity of the 
Cameron CTA film is lower than that for Eastman DS 2.84.  The permeability of CTA 
also does not follow with the trends established by the Puleo paper, with the helium 
permeability being particularly low.  Because the Cameron CTA film does not follow the 
Eastman CA trend, it is likely that there are differences beyond those captured by a 
simple degree of substitution.  For example, the acetyl distribution, both within the repeat 
unit (i.e., distribution of acetylation at each of the three sites) and along the chain (i.e., if 
the acetylation is distributed evenly down the length of the chain), could influence the 
permeation and crystallization characteristics of the membrane without changing the 
degree of substitution.  The average acetyl distribution within the repeat unit could be 
evaluated by NMR, but this was not done as the aging studies on CTA took precedence. 
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At least one contributing factor for the lower permeability of the CTA film than 
expected is that CTA has a lower intrinsic solubility to both CH4 and CO2 than would be 
expected based on the degree of substitution trend noted by Puleo et al.
3
  If it is assumed 
that gas is only sorbed in the amorphous regions of the polymer, measured gas 




 polymer) can be re-expressed 
based on the amorphous phase mass by the following equation: 
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6.2 
where C is the concentration of gas in the film in the given units, xa is the amorphous 
mass fraction of the polymer and ρ is measured density.   
The sorption isotherms for CO2 and CH4, expressed based on total polymer 
volume and based on amorphous mass, are shown for CTA and the same Eastman 
samples discussed above (Figure 6.5 and 6.6).
3
  The intrinsic sorption of CH4 in CTA is 
lower than in any of the Eastman cellulose acetates.  The CO2 sorption of CTA is similar 
 Eastman Cameron 
Degree of Substitution 1.75 2.45 2.85 2.99 
Crystallinity (%mass) 27% 37% 52% 44% 
CH4 Permeability (Barrer) 0.052 0.15 0.20 0.19 
CO2 Permeability (Barrer) 1.84 4.75 6.56 5.59 
He Permeability (Barrer) 9.34 16 19.6 13.5 
O2 Permeability (Barrer) 0.32 0.82 1.46 0.88 
N2 Permeability (Barrer) 0.057 0.15 0.23 0.16 
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to the DS 1.45 sample and lower than the DS 2.84 sample.  As with the permeability 
results, the sorption data do not correlate with DS in any monotonic or simple way. 
Figure 6.5 CH4 sorption isotherms for Eastman
3
 and Cameron cellulose acetate thick film 
samples.  Sorption isotherms have been calculated on the basis of a. total 

















































































































Figure 6.6 CO2 sorption isotherms in Eastman
3
 and Cameron cellulose acetate thick film 
samples.  Sorption isotherms have been calculated on the basis of a. total 
polymer volume and b. mass of amorphous polymer (Equation 6.2). 
6.3.1.7 Plasticization of CTA Relative to Literature 
Finally, the extent of plasticization in the CTA sample relative to the Eastman 
samples
3
 has been studied.  Given the lower intrinsic CO2 sorption in the CTA sample, it 
would be expected for the polymer to have lower plasticization.  Indeed, as shown in 
Figure 6.7, the plasticization pressure curves (PPC) of the Eastman DS 2.84 and Cameron 
CTA samples show that the Eastman sample has a higher extent of plasticization.  It is 
difficult to determine the plasticization pressure in the CTA sample.  Due to the 
difference in absolute permeabilities, the permeabilities of the other CA samples are 
shown on a plot of permeability normalized by the lowest pressure permeability.  Again 
on this plot, CTA shows a lower extent of plasticization than the Eastman DS 2.84, 

















































































































Figure 6.7 Plasticization pressure curves for Cameron CTA and Eastman DS 2.84
3
 
Figure 6.8 CO2  plasticization pressure curves normalized by initial permeability at 1 atm 
for Eastman cellulose acetates
3










































































6.3.1.8 Methane Plasticization 
A CH4 hysteresis experiment was performed to test the suggestion to the author 
that CTA might be plasticized by CH4.  Due to the increased time-lag of CH4, it was 
necessary to modify the hysteresis experiment described in Chapter 3.  Specifically, 
instead of holding at each pressure for 10 minutes, hold times at each pressure were 4 
hours except at the highest pressure, which was held for 12 hours.  The resulting 
pressurization and depressurization curves (Figure 6.9) show very good agreement.  
Between the lack of hysteresis between pressurization and depressurization and the lack 
of a plasticization pressure point, it would appear that up to a pressure of 40 atm at these 
timescales, methane does not plasticize the CTA membrane. 






























6.3.2 Determination of Proper Annealing Conditions for CTA 
An aging experiment typically begins by annealing the sample above Tg to erase 
any thermal, aging and casting history (e.g. solvent, orientation, etc.).
1
  Typically, a film 
sample is annealed at least 15°C above Tg for a minimum of 15 minutes.
1
  Initial work 
with CTA used DSC to determine the Tg (Figure 6.10).  The Tg shown here was 
calculated from the second heat because the step change in the heat flow of the first heat 
was too small and broad to calculate Tg.  As measured here, the Tg is 167°C so an 
annealing temperature of 185°C would be appropriate.  However, the Tg indicated by 
DSC does not register any rigid amorphous fraction present, it only registers the Tg of the 
bulk sample.
7
  Thus, the Tg determined by DSC may not be representative of the entire 
sample.  If only part of the sample is annealed above Tg, instead of resetting the aging 
process with a simple, known history, the sample is left with a very complex, unknown 
history as part of the sample was properly annealed and part of the sample may have 
undergone rapid, near-Tg aging. 
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Figure 6.10 DSC results for the first and second heat of CTA. 
The tan δ peak of a dynamic mechanical analysis (DMA) measurement provides 
different insight about the Tg of a material.  The tan δ is sensitive to the thermal 
transitions of even small fractions of the polymer and thus the breadth of the tan δ peak 
corresponds to the distribution of Tgs throughout a sample.
7,8
  The high temperature edge 
of the tan δ peak of CTA (Figure 6.11) does not occur until the sample is over 200°C.  
The annealing temperature chosen for this work based on the DMA results was 250°C, 




























Figure 6.11 Storage and tan δ results for CTA using testing conditions described in 
Chapter 3. 
The thermal stability of CTA at 250°C was confirmed by TGA (Figure 6.12).  
Although CTA is clearly not stable for long times at 250°C, the degradation is very slow 
so the mass loss during the initial 15 minutes was less than 0.2%  Thus, CTA is stable 
enough to use 250°C as the annealing temperature, although multiple heats above Tg 
should be avoided and the annealing time rigorously controlled to 15 minutes to ensure 
repeatable results.  An annealing temperature of 250° has been used for the majority of 













































Figure 6.12 CTA mass loss during isothermal hold at 250°C for a. 15 hours and b. 15 
minutes. 
6.3.3 Effect of Annealing on Crystallinity and Thermal Behavior of CTA  
DSC studies were done on thick (Figure 6.13) and thin (Figure 6.14) film samples 
to evaluate the effect of annealing on the crystallinity and thermal transitions in CTA.  
Three different thermal treatments are compared in thick films from the same film 
casting.  The first sample, unannealed film, was dried under vacuum at 100°C for a 
sufficient time to remove the water and casting solvents.  The second sample was dried in 
the same manner and then was additionally treated in the DSC with an annealing program 
of 250°C for 15 minutes.  The annealing process caused several structural changes.  First, 
the crystallization peak in the unannealed sample is not present in the annealed sample.  
The presence of the crystallization peak implies that the sample was solidified during 
casting before the equilibrium crystal content was reached.
7
  The annealing process at 
250°C is sufficient to allow the crystallization to occur, so the annealed sample does not 
undergo additional crystallization during the heating ramp.  Furthermore, the annealed 





































has caused the sample to develop two different crystal populations with distinct melting 
points.  Because the new melting point is at a lower temperature, the new crystals in the 
annealed sample are smaller than the crystals present before annealing.
7
 
Figure 6.13 DSC results demonstrating the effect of different annealing conditions on 
thick film thermal behavior and crystallinity. 
To create samples with higher crystallinity, a two-step annealing process was 
tested.  Specifically, the sample was first annealed at 220°C for 60 minutes to allow 
crystallization and then annealed at 250°C for 15 minutes to remove the thermal history 
of the amorphous region.  Unfortunately, as shown in Figure 6.13, the sample annealed in 
two steps has an identical thermal response to the sample that was only annealed at 
250°C.  Thus, the crystallinity of CTA cannot be increased via thermal techniques in a 
film annealed at 250°C.  Because CTA degrades above its melting temperature, the 































The annealing of the thin CTA samples was done on the silicon wafer casting 
surface in a vacuum oven.  To load the thin film samples into the DSC pan requires 
crumpling the sample and, if the sample is heated above Tg in this form, the sample 
would collapse and no longer be representative of a thin film.  The thin CTA films show 
very similar thermal changes due to annealing (Figure 6.14).  As in the thick films, the 
unannealed thin film sample shows a crystallization peak at about 220°C, which does not 
occur in the annealed sample.  The annealed thin film also shows a new, lower 
temperature melting peak which corresponds to smaller crystals. 
Figure 6.14 DSC results demonstrating the effect of different annealing conditions on 
thin film thermal behavior and crystallinity. 
6.3.4 Effect of Casting Procedure on Crystallinity and Thermal Behavior of CTA 
In previous aging studies, the samples were annealed above Tg, not just to reset 


























between thin and thick films.
1
  To create films that probe the full thicknesses range of 
interest (100 nm – 50 μm), it is necessary to use different casting techniques (i.e., spin 
coating vs. solution casting) and, frequently, different solvents.
1
  Each of these factors 
can influence the morphology of the polymer which can, in turn, influence the gas 
transport behavior.  DSC was used to study the effect of casting conditions on the 
morphology of thick and thin CTA films.  
Unannealed thick and thin films (Figure 6.15) are fairly similar in thermal 
response up to temperatures of 275°C.  The melting peak, on the other hand, shows 
significant differences between the thick and thin films.  The thick film has a lower 
melting point and a broader melting peak.  The lower melting point typically corresponds 
to smaller crystallites and the broader melting peak to a wider distribution of crystallite 
size.
7





Figure 6.15 DSC results demonstrating the effect of thickness on the thermal behavior 
and crystallinity of unannealed films.  The thicknesses of the thick and thin 
films were 60 µm and 200 nm respectively. 
The results of the annealed films (Figure 6.16) are very similar to the unannealed 
results.  The thermal response of the annealed films below the melting peak is very 
similar between thin and thick films, but the structure of the melting peak indicates 
morphological differences.  Specifically, the thick film still has smaller, less regular 
crystallites than the thin film.  Additionally the amount of small crystals, those associated 
with the lower temperature melting peak, is larger in the thick film than the thin film.  
Finally, the thin film has a higher crystallinity than the thick film and gains more 
crystallinity during the annealing process.  The critical result of this analysis is that the 
morphology of the thin and thick films are different, and the annealing process cannot 



























Figure 6.16 DSC results demonstrating the effect of thickness on the thermal behavior 
and crystallinity of annealed films.  The thicknesses of the thick and thin 
films were 60 µm and 200 nm respectively. 
6.3.5 Effect of Annealing Temperature on Permeability and Aging of CTA 
Preliminary aging data on a 280 nm thin film annealed at 185°C are compared 
with data from a 190 nm film annealed at 250°C (Figure 6.17).  The absolute 
permeability of the sample annealed at 250°C is approximately 30% lower the sample 
annealed at 185°C, likely due to the increase in crystallinity after the 250°C annealing 
(see Section 6.3.3).  However, the aging rate is similar between the two samples.  This is 
likely due to the fact that the bulk of the material is above the glass transition at 185°C, 
and therefore has a similar history regardless of the annealing temperature.  However, for 

























Figure 6.17 O2 permeability as a function of time in CTA thin films annealed at 185°C 
and 250°C.  Solid lines are drawn to guide the eye and have the same slope. 
6.3.6 Effect of Thickness on Permeability and Aging 
An aging experiment was performed with thin film samples ranging in thickness 
from 190 nm to 390 nm and a 60 µm thick film sample.  All of the samples were 
annealed at 250°C for 15 minutes with the thin films on wire supports as described 
elsewhere
1
 and the thick films free-standing.  As described in Section 6.2.2, the thickness 
of the thin film samples has been adjusted for the thickness changes that occur during 
annealing.  The sample thicknesses, casting details and crystallinity are summarized in 

































Table 6.3 Casting conditions where R stands for spinning speed in RPM, A is 
acceleration on a Laurell Technologies Spin Coater and T is spinning time 
in minutes.  The 310nm sample used the listed spinning conditions 
sequentially three times.  0  is the thickness measured prior to annealing 
and a  is the adjusted film thickness 
The aging data for the CTA films are plotted here in terms of absolute 
permeability (Figures 6.18 – 6.20).  The noise in the data is likely due to variations in the 
leak rate of the system, which, particularly in the 60 µm N2 data, is over 10%.  The 
thinner films, which have higher fluxes, are less noisy because the flux is higher relative 
to the leak rate.  The oxygen data (Figure 6.18) show that the 60 µm film has the highest 
permeability which corresponds to having the lowest crystallinity.  The thin films have 
higher crystallinity and correspondingly lower permeability.  The aging rate of these 
films seems to be similar as evidenced by the slope of the permeability versus time.  
There is no evidence of accelerated aging in the O2 permeability results of the thinner 
films.  The nitrogen data (Figure 6.19) show very similar results, although the data are 
noisier due to the lower N2 permeability.  Again, there is no evidence of accelerated 
aging.  The CH4 data (Figure 6.20) show a slightly different result.  The 200 nm film 
Film Casting % 
Crystallinity 0
  a  
190 nm R700,A11,T4m 73% 220nm 191 
nm 
310 nm R700,A11,T4m x3  360nm 313 
nm 
390 nm R300,A11,T4m 77% 443nm 385 
nm 
60 micron Solution Cast 63% 60 µm  
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seems to be aging more quickly than the 310 nm and 390 nm samples.  At the time of the 
60 µm aging experiment, CH4 gas was unavailable, so the data were not collected. 


































Figure 6.19 N2 data as a function of thickness and aging time. 






























































To isolate the aging rates of the samples from the variation in initial permeability, 
the data have also been plotted on the basis of relative permeability (Equation 6.3).  




where Pt is the permeability at time, t, and Pi is the permeability measured at the earliest 
time. (Figures 6.21-6.23) 
The relative O2 permeability confirms the observation that thick and thin films are 
aging at similar rates.  The results are essentially identical.  The N2 data are similar to the 
O2 results; however, the CH4 data are somewhat different.  The relative CH4 permeability 
data show that the 200 nm film is aging more rapidly than the 310 nm and 390 nm films.  
CH4 is a larger molecule than N2 or O2, and as a result it is much more sensitive to the 
changes in free volume than the smaller molecules.
9,10
  The CH4 results imply that 
accelerated aging could be happening in the thinnest sample, but that the structural 
changes are too small to influence the O2 and N2 permeabilities.   
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Figure 6.21 O2 permeability in CTA normalized by initial permeability as a function of 












































Figure 6.22 N2 permeability in CTA normalized by the initial permeability as a function 



















































































Figure 6.23 CH4 permeability of CTA normalized by the initial permeability as a function 
of aging time and film thickness. 
The CTA data are compared to the literature results on other polymers in Figure 
6.24 in terms of relative O2 permeability (Equation 6.3) for bulk polysulfone (PSF), 
11
 




 as well as the CTA data for the 200 nm 
and 60 µm films.  The aging rate of both CTA samples is comparable to the bulk PPO 
results (i.e., CTA is aging faster than PSF and slower than Matrimid).  Most significantly, 
the 200 nm film does not drop off faster than the bulk samples, but ages very similarly to 
them.   







 as a function of aging time. 
Finally, to capture the behavior of all the polymers for a range of thicknesses, the 
data are presented as the relative permeability at 500 and 1000 hours versus 1/film 









































CTA BulkCTA 200 nm
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amount of aging that has occurred at the given time.  It is apparent that the CTA film is 
much less sensitive to thickness than the previously tested films.
11,12
  In the data shown 
here, the sensitivity of aging to film thickness increases as the polymer’s bulk density 
decreases (i.e., ρPPO < ρPSF and relative O2 permeability of PPO at a given time and 
thickness is less than that of PSF).  This observation does not agree with the aging rates 
indicated for the bulk films in Figure 6.24, but this might be because of the relative 
thinness of the Matrimid bulk sample (3.5 µm).  In Figure 6.25, it appears that a thicker 
Matrimid film might have a permeability at 500 hours that is higher than that of PPO, the 
opposite of the trend shown in Figure 6.24. 
Figure 6.25 Relative O2 permeability at 500 hours as a function of 1/thickness in CTA 
and polymers reported by Huang et al.
11




















































Figure 6.26 Relative O2 permeability at 500 hours as a function of 1/thickness in CTA 
and polymers reported by Huang et al.
11
 and Rowe et al.
12
 
It is difficult to definitively explain the lack of accelerated aging in the O2 and N2 
data for CTA thin films.  The CH4 data imply that accelerated aging may occur in the 
thinnest films to a minor extent.  Perhaps the critical thickness for observing accelerated 
aging in CTA is below 200 nm, but thinner films would be needed to probe this 
possibility.   
Alternatively, the origin of the reduced aging could be explained as the 
crystallites effectively trapping the chains in the non-equilibrium state.  Although the 
CTA bulk samples age at a similar rate to the other polymers, perhaps the higher 
crystallinity and larger crystals in the thin films reduces their aging rate.  Tant and Wilkes 
have shown reduced aging with increasing crystallinity in poly(ethylene terephthalate) 
(PET) with crystallinities ranging from 0-51%wt, for which they give three possible 
explanations.
13


















































undergoing aging, which reduces the observed aging rate.  However, for the CTA data, 
this would imply that the thin film aging rate was balanced between the increased rate 
due to thickness, as seen in amorphous polymers,
11,12
 and the reduced aging rate due to 
crystallinity. 
13
  However, the crystallinity of the 190 nm is similar to the 390 nm film, 
but the aging rate is unchanged despite the reduction in film thickness by a factor of two.  
Tant and Wilkes’ second proposal is that by broadening Tg towards higher temperature, 
the crystallinity effectively increases the distance between the aging temperature and Tg, 
which reduces aging.  Again, this proposal is unsatisfactory for the CTA aging data 
presented here because, if a significant difference in Tg exists between the thick and thin 
films, the thin film sample has a lower Tg and higher crystallinity (cf. Figure 6.16).  
However, this difference in Tg is probably not significant considering the CTA samples 
are being aged over 140°C below Tg.
8
  Tant and Wilkes’ final proposal is that the crystals 
reduce the mobility of the amorphous chains that are near the crystallites.
13
  Furthermore, 
recent work by Krishnaswamy et al. demonstrates that the morphology of the polymer, 
not just the amount of crystallinity, can influence the physical aging behavior of 
poly(phenylene sulfide).
14
  Specifically, crystallization techniques which resulted in 
higher rigid amorphous fractions also resulted in higher aging rates as indicated by 
enthalpy recovery in DSC. 
14
  In the case of CTA, this would imply that the differences in 
morphology (i.e., thinner films having larger crystals) are significant to the resulting 
aging rate.  The methods used by Krishnaswamy et al. to demonstrate this effect (i.e., 
generating samples with similar crystal fractions, but different rigid amorphous fraction 
via different crystallization temperatures) was not feasible with CTA due to the close 
overlap of the Tg and the decomposition temperature and the difficulty decoupling film 
thickness and morphology. 
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6.3.7 Effect of Thickness on CO2 Plasticization 
A CO2 plasticization pressure curve was measured for films that had been 
annealed at 185°C and aged for 100 hours prior to the experiment.  These results (Figure 
6.27) are very different from the results seen in previous work.
15
  In CTA, the thin film 
sample has a higher plasticization pressure and a lower overall extent of plasticization.  
The combination of these two factors indicates that the thin film is less sensitive to CO2 
plasticization than the thicker films. 
Figure 6.27 Plasticization pressure curve for 280 nm and 10 µm CTA films annealed at 
185°C and aged for 100 hours prior to experiment. 
To confirm these results, the CO2 permeability of films annealed at 250°C for 15 
minutes were measured with 2 hour holds at each pressure. The pressures chosen, 1, 4, 8, 
16, 24 and 32 atm, start below the plasticization pressure, but probe up to the maximum 
pressures of interest for natural gas separations.  The results of the 2 hour plasticization 



































prior to the beginning of the CO2 experiment.  As with the other gases, the absolute CO2 
permeability of the CTA thick film is higher than the thin film.  Unexpectedly, the 
plasticization of the thick film, as shown by the increase in permeability, is also higher.  
This result is the opposite of the trend observed in Matrimid (Figure 6.28).
15
  However, 
plasticization results are strongly dependent on the polymer as shown in Figure 6.29.  All 
of these films are slightly less than 200 nm, but each exhibits very different behavior in 
the presence of increasing CO2 pressure. 
Figure 6.28 CO2 permeability in CTA and Matrimid
15






































Figure 6.29 Plasticization behavior of CTA and report polymer thin films
15
 during a 2 
hour pressure step experiment. 
The reduced plasticization in the CTA thin film may be a result of the crystallinity 
of the polymer.  If the polymer chains are tied together by the crystallites, it may prevent 
their ability to swell and reduce the CO2 uptake relative to where it would be in a purely 
amorphous polymer.   
6.4 CONCLUSIONS 
Cellulose acetates are a complicated family of materials.  Gas transport in these 
materials seems to be dependent on more than simple crystallinity and chemical structure 
analysis captured by DS.  Furthermore, due to CTA’s thermal instability in the melt and 
limitations due to the thermal annealing process, it is difficult to control the morphology 
of these materials independently of chemical structure and film thickness.  Thermal 
analysis indicated that the Cameron CTA has a very broad Tg and that a 250°C annealing 











































maximum crystallinity in the film, which cannot be reduced without degrading the 
sample.  Furthermore, the crystallites formed by spin coating are different from the 
crystallites formed by solution casting, and these differences persist through the 
annealing process.  The differences in the morphology of the thick and thin films can be 
seen in the reduced permeability of the thin films, which is consistent with their higher 
crystal fractions.  The difference in morphology makes the aging data more difficult to 
interpret as the film thickness is not decoupled from the crystallinity.  However, these 
CTA samples do not show the accelerated aging in films as thin as 200 nm, as seen in 
materials studied by this method previously.  Finally, the plasticization response of the 
thin CTA films is suppressed relative to the thicker films.  This could be due to the 
increased crystallinity in the thin films preventing them from swelling, but to definitively 
determine the origin of the aging behavior will require decoupling thickness and 
crystallinity, which has thus far proven difficult. 
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Chapter 7: Conclusions and Recommendations 
The work detailed in this dissertation evaluated the potential of novel membrane 
materials and investigated the physical aging and plasticization of cellulose acetate.  
Below is a brief summary of the most important conclusions arising from this work 
followed by recommendations for future work. 
7.1 CONCLUSIONS 
7.1.1 Ethanol Dehydration 
The purpose of the work detailed in Chapter 4: Ethanol Dehydration with 
Thermally Rearranged Polyimides was to evaluate the ethanol dehydration potential of 
TR materials.  To this end, a series of pervaporation measurements were made on a 
representative material, HAB-6FDA TR.  HAB-6FDA TR’s water and ethanol 
permeability decreased as temperature increased.  However, due to the rapidly increasing 
driving force as temperature increases, the flux increases.  Relative to reported values in 
the open literature,
1
 HAB-6FDA TR’s transport performance is not remarkable.  The 
lower performance may be due to the relatively high temperatures (56°C to 76°C) used in 
this study, which, as previously stated, decrease the permeability of the material.  
However, the separation targeted by this work would require temperatures over 100°C 
and pressures of several bar.
2–7
  Most of the reported membranes will degrade under these 
conditions, while TR materials should not. Finally, HAB-6FDA TR’s membrane 
performance was compared to that of a commercial ethanol dehydration membrane from 
UBE Industries, Ltd.
8
  If the materials are compared on a similar thickness basis, the 
HAB-6FDA TR shows water and ethanol permeances that are approximately an order of 




  Based on these results, it was determined that the TR materials have potential 
as ethanol dehydration membranes.   
7.1.2 Effect of Hexafluoroalcohol on Gas Transport 
Chapter 5: Gas Transport and Thermal Stability of HFA-Containing Aromatic 
Polyimide evaluates the impact of the hexafluoroalcohol (HFA) moiety on the gas 
transport properties of an aromatic polyimide, MDA-6FDA, the properties of which have 
been previously reported. 
9,10
  Inclusion of the HFA moiety increased the fractional free 
volume of MDA-6FDA, which increased the permeability of all gases by at least 2.5 
times.  The permeability increases are due to diffusivity increases, as the solubilities 
remain unchanged by the inclusion of the HFA group.   
However, the permeability increases due to the HFA group are not accompanied 
by the expected decreases in selectivities.
11
  The selectivities of several gas pairs (e.g., 
CO2/CH4) are unchanged by the inclusion of the HFA group.  A simple increase in 
fractional free volume would typically cause a material to move parallel to the upper 
bound towards higher permeability,
12
 but HFA causes MDA-6DFA to move horizontally 
towards the upper bound.  These results are similar to the results seen with 
hexafluoroisopropylidene units,
13–18
 which are attributed to simultaneous increases in 
fractional free volume and chain stiffness.
15
  The bulky HFA group can not only hinder 
backbone motion, it can also hydrogen bond with the imide groups
19
 and further reduce 
chain motion.   
Finally, the TGA of HFA-MDA-6FDA shows a two-step mass loss at 400°C, that 
is similar to the TGA results for TR polymers, and a similar product was proposed.  
Structural investigations by FTIR were not definitive, but there is some evidence of 
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benoxazine formation.  However, the large number of overlapping peaks made analysis 
impossible. 
7.1.3 Physical Aging and Plasticization in Cellulose Triacetate 
The work detailed in Chapter 6: Characterization, Physical Aging and 
Plasticization of Cellulose Triacetate investigated the physical aging and plasticization of 
well-characterized cellulose triacetate (CTA) films as a function of film thickness.  Due 
to results published by previous researchers,
20–22
 it was expected that as the CTA film 
thickness was decreased below approximately 1 µm, the sample would show accelerated 
aging and increased plasticization in CO2.  However, permeability measurements tracking 
CTA’s physical aging do not show accelerated aging in films as thin as 300 nm.  In a 200 
nm film, the aging tracked by O2 and N2 permeability is also identical to the thicker films, 
although the aging tracked by CH4 permeability does show accelerated aging.  Because 
CH4 is a larger molecule than O2 or N2, it is more sensitive to small changes in free 
volume. 
12,23
  Thus, the accelerated aging indicated by the CH4 data may indicate that the 
200nm film is aging slightly faster than the thicker films, but not enough so that O2 or N2 
are affected.  Furthermore, the plasticization results in CTA show reduced plasticization 
in 200 nm CTA relative to a bulk film.  Plasticization results, however, show far more 
variation with polymer structure than the physical aging results.
22
 
The molecular origin for these results has not been determined, primarily due to 
the inability to decouple film thickness and crystallinity.  Due to the thermal instability of 
CTA above its melting temperature, it is not possible to remove the crystallinity 
introduced by the casting and annealing processes.  Differential scanning calorimetry 
(DSC) results show that the crystallinity of the thin films is higher and made up of larger, 
more regular crystals than the thick films.  It is possible that the higher crystallinity in the 
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thin films reduces the chain motion, which would slow the physical aging and reduce the 
film’s plasticization.  However, according to the Struik model of aging in semi-crystalline 
polymers,
24,25
 aging far below Tg should be unaffected by the presence of crystallites.  
Furthermore, previous studies using permeability to track physical aging in semi-
crystalline poly(phenylene oxide) showed that although the absolute permeability was 
reduced by the presence of crystallites, the aging rate was unchanged from a sample 
without crystals.
26
  To isolate the cause of the unusual aging behavior in CTA, a method 
for decoupling crystallinity and thickness is needed, and one was not found in the course 
of this work.  A few ideas for decoupling thickness and crystallinity are presented in 
section 7.2.6. 
7.2 RECOMMENDATIONS FOR FUTURE WORK 
7.2.1 Chemical Structure Optimization for Ethanol Dehydration with TR Polymers 
A complete structure/property study to optimize the chemical structure of the TR 
polymers for ethanol dehydration has not been done.  Even within the TR platform, there 
are several potential avenues for increasing membrane productivity.  For example, the gas 
transport properties of the rearranged polymer are dependent on the identity of the 
leaving group formed by the ortho-positioned functional group (e.g., the hydrogen of the 
ortho-alcohol).
27,28
  In general, a larger ortho-functional leaving group results in higher 
permeability of the resulting TR structure, even when the nominal chemical structure is 
identical.
27,28
  Additionally, the effects of changing the ortho-functionality from alcohols 
and esters to sulfur- and nitrogen-containing functional groups gives rise to TR structures 
that are polybenzthiazoles and polybenzimidazoles, respectively.  The identity of the 
ortho-group will likely change the reactivity and kinetics of the TR reaction.  By 
optimizing the reactivity of this reaction, it may be possible to utilize backbones that, 
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under the current platform, do not fully rearrange before degradation, which will increase 
the number of viable structures available. 
Anther structural opportunity that has not been explored for ethanol dehydration 
with TR polymers is the use of copolymers.  One avenue would be to use copolymers of 
multiple TR precursors to take advantage of particular characteristics of each polymer.  
For example, HAB-6FDA, detailed here, has the highest molecular weight and 
mechanical properties of the hydroxyl-based TR polymers studied; however, a TR 
polymer synthesized from 2,2’-Bis(3-amino-4-hydroxy phenyl) hexafluoropropane 
(APAF) and 6FDA, APAF-6FDA TR, typically has better gas permeation results.
29
 
Perhaps by copolymerizing the two monomers, some of the beneficial properties of each 
structure can be obtained.  Furthermore, there are other polymer structures which may be 
stable at these use conditions, such as poly(dimethylsiloxane) (PDMS).  PDMS is a 
rubbery polymer with very high permeability that has been copolymerized with aromatic 
polyimides.
30
  The PDMS-imide copolymers are thermally stable above 400°C, which 
indicates that TR rearrangement of a copolymer would be possible, particularly with 
lower molecular weight PDMS.
30
  By copolymerizing PDMS units into the TR structure, 
it may be possible to increase the permeability of the copolymer beyond the permeability 
of the TR polymers, though likely with some loss of selectivity. 
Finally, a fundamental evaluation of the transport properties can give a deeper 
understanding of how these membranes work which, in turn, can give rise to new avenues 
of materials for this separation and an understanding for other separations these 
membranes might be useful for.  One example is to evaluate not just the sorption and 
diffusivity components of the membranes, but how these change with temperature and 
pressure.  This study could help determine if there are particular operating conditions 
under which the membranes are most efficient.  Furthermore, a fundamental evaluation of 
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the feed induced swelling and plasticization would increase the understanding of the 
actual state of the membrane in use as well as increasing the understanding of these 
poorly understood phenomena. 
7.2.2 Other High-Temperature, Chemically Aggressive Separations 
In addition to ethanol dehydration, there are many other separations which could 
benefit from the high thermal and chemical stability coupled with the transport properties 
of TR materials.  Membranes have been studied for the dehydration of numerous 
organics, including other alcohols.
1,6,31,32
  Due to the strongly size sieving nature of TR 
polymers, the separation of water from most organics should be efficient.   
Beyond the dehydration separations, other separations which benefit from higher 
temperature feeds, either from a transport perspective, or from a plant-design perspective 
could be areas where the TR polymers could be useful.  For example, both pre- and post-
combustion carbon capture require membranes that are stable well above room 
temperature.  Post-combustion carbon capture requires CO2 removal from N2 at around 
200°C and relatively low pressures.
33
  Pre-combustion carbon capture requires CO2 
removal from H2 at temperatures closer to 400°C and pressures close to 1000 psi.
33
  
Beyond the temperature stability, the membranes will need to be plasticization resistant 
and chemically stable to the possible contaminants in the streams. 
 Membrane reactors would be another area where the high thermal and chemical 
stability of TR materials could be very useful.  Membrane reactors combine a traditional 
reactor design with a separation membrane in a single process step.  Membrane reactors 
are of interest as they can reduce energy costs by combining reactions and separations, 
shift reaction equilibrium to increase production and reduce side reactions.  The 
advantage of using polymer membranes for membrane reactors is the well-developed 
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ability to produce thin polymer films, however, polymers typically lack sufficient thermal 
and chemical stability.
34
  While even TR materials are not stable up to the temperatures 
of some reactors (>600°C)
35
, there are a few applications for which TR materials make 
likely candidates.  For example, membrane-assisted catalysis for esterification has similar 
requirements to organic dehydration.
34
  Esterification is an equilibrium-limited reaction 
which can be shifted towards products by the removal of water.  Thus, a membrane that 
could selectively remove water from an acid-catalyzed mixture of organics would be able 
to increase the yield of the reaction.  Membranes have been commercialized for this 
purpose, but these materials are limited in the reactions for which they are appropriate.
34
   
7.2.3 HFA Moiety in Other Polymer Backbones  
Given the positive influence the HFA group has on the gas transport properties of 
MDA-6DFA and the similar effect hexafluoroisopropylidene units have been shown to 
have on multiple backbones,
13–18
 it would be interesting to expand this study to other 
HFA-containing polymers.  There are numerous ways to incorporate the HFA moiety into 
a polymeric backbone.  For example, combining the HFA-MDA monomer utilized in this 
work with other dianhydrides and diacid chlorides should yield additional polyimides and 
polyamides.  Additionally, Central Glass Co., Ltd. has patented methods for producing 
dicarboxylic acids containing HFA groups.
36
  Combined with the HFA-MDA used here, a 
polymer could be synthesized that contains HFA groups on both monomers.  
Alternatively, polymer backbones consisting of other backbone functionality (e.g., 
polyester) are possible.  Testing the gas transport properties of these other structures will 
test the generalizability of these results and may find more promising materials. 
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7.2.4 High Temperature Reaction Products of HFA-MDA-6FDA and HFA-MDA-
BAF 
There are other techniques which have not yet been utilized to elucidate the high 
temperature reaction products of HFA-MDA-6FDA and HFA-MDA-BAF.  For example, 
elemental analysis might help illuminate if the fluorine groups are stable or if they are 
potentially part of the degradation process.  Unfortunately, due to the large number of 
potential products, it may be difficult to isolate the exact structure from just the elemental 
composition. 
TGA can be coupled with mass spectroscopy to identify the chemicals which are 
being emitted by the sample as the heating rate occurs.  In particular, it could be 
instructive to look for peaks associated with the predicted by-products of the proposed 
reaction (i.e., H2O for HFA-MDA-BAF and CO2 for HFA-MDA-6FDA).  Alternatively, 
peaks containing fluorine or aromatic groups would indicate some level of degradation.  
Peaks which are not consistent with either of these scenarios would indicate that a 
different reaction was occurring. 
Solution-state Nuclear Magnetic Resonance (NMR) analysis could provide 
additional insight into the chemical structure of HFA-MDA-6FDA-T and HFA-MDA-
BAF-T.  The first challenge would be to prepare an NMR solution.  Prior to the thermal 
treatment, HFA-MDA-6FDA was only soluble in hot NMP, but this solvent was not 
tested for the HFA-MDA-6FDA-T samples.  d6-NMP is available, though expensive.  If a 
suitable solvent could be found, there are several valuable NMR experiments that could 




C NMR provide the foundation for more advanced 
techniques which will likely be necessary due to the complexity of the structure and the 
relatively few protons.  Additional techniques, such as correlation spectroscopy (COSY), 
heteronuclear single quantum correlation (HSQC) spectroscopy and heteronuclear 
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multiple bond correlation (HMBC) spectroscopy will likely be necessary to sort out the 
complicated heteronuclear, multicyclic structures.  Solid-state NMR would avoid the 
need for a solvent, however, the resulting signals are frequently too broad to allow for 
detailed characterization of complex structures. 
Another direction this study could go would be to utilize small-molecule analogs.  
This would require the synthesis of molecules that are very similar in structure to the 
region of the repeat unit near the imide linkage.  The primary advantage of using the 
small molecule analog is the increased solubility of low molecular weight compounds, 
which may allow for more solution-based analysis techniques.  This advantage is offset 
by the additional work necessary to demonstrate that any chemistry that occurs in the 
small molecules is representative of the polymers’ reactions. 
Finally, characterization of the gas transport properties of the high temperature 
reaction products could be interesting.  Whether the final structure is a benzoxazine or a 
partial degradation, the loss of a large portion of the repeat unit could carve out large free 
volume elements.  Research in TR polymers has demonstrated that larger leaving groups 
translate to higher permeability,
27
 so the high temperature reaction products could have 
very high permeability. 
7.2.5 Effect of Acetate Group Distribution on Transport Properties in Cellulose 
Acetates 
As shown by the disagreement of the Cameron CTA with Puleo’s work on the 
Eastman CA samples,
37
 there seems to be more governing the morphology and transport 
in CA samples than is captured by DS.  A study using samples prepared by different 
techniques could illuminate the source of this discrepancy.  CA samples could be readily 
acquired from different sources, and additional samples could be created by deactylating 
high DS samples.  The transport, thermal and morphological properties could then be 
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examined and correlated with the chemistry of each sample.  A better understanding of 
the fundamental transport in CA could then be leveraged to understand the unusual aging 
and plasticization results found in this work. 
7.2.6 Decouple Thickness and Crystallinity in Cellulose Acetates  
One way to decouple crystallinity and thickness in CA samples is to compare 
these results with similar studies on samples with lower DS.  As the DS of CA decreases, 
the crystallinity of the sample also decreases,
38
 though as the DS approaches zero and the 
structure approaches cellulose, the crystallinity does begin to increase.  However, in 
samples of DS that are reasonable for gas separations (i.e., DS 1.75 or higher), the 
crystallinity decreases monotonically as the DS decreases.
38
  Producing thin films of 
similar thicknesses from these polymers will decouple the crystallinity from the film 
thickness, though the chemical structure will no longer be identical between samples.  
However, if the behavior of the lower DS samples is similar to the aging of polysulfone 
and the other polymers previously reported,
20,21
 it would indicate that the morphology of 
these CTA films was critical to the aging results. 
If the origin of the unusual physical aging behavior of CTA is due to its 
crystallinity, another semi-crystalline polymer with similar crystal structure might give 
similar results.  Specifically, a polymer with similar levels of crystallinity that does not 
degrade above its melt temperature would allow for an almost complete decoupling of 
crystallinity and thickness.  With a thermally stable polymer, thin films could be taken 
into the melt, and then cooled at different rates to prepare samples of approximately the 
same thickness with different crystallinities.  The physical aging properties could then be 
measured and correlated with the film structure.  However, to be tested by permeability 
measurements as described here, the polymer must also have a reasonable permeability 
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(i.e., not so low that large film areas are required to get measureable flux).  One potential 
polymer fitting this description is syndiotactic polystyrene (SPS).  Specifically, samples 
containing 0-43%wt β crystals have been prepared via thermal annealing.
39,40
  The O2 
permeability of these samples is above 1.5 barrer, which should be reasonable for 
testing.
40
  The aging behavior as measured by mechanical properties shows that far below 
Tg, SPS ages similarly to amorphous materials, but the crystallinity of the samples was 
not determined.
41
  Furthermore, the physical aging measured via gas permeability of thin 
films of amorphous polystyrene has been reported.
42
  The sensitivity of aging rate to film 
thickness is lower in polystyrene than Matrimid and polysulfone, though the reason is not 
determined. 
42
  The ability to have a control sample, without crystallinity, that shows 
qualitatively similar behavior to the previous PSF and Matrimid data is one advantage of 
using SPS.  One downside to using polystyrene is the relatively low Tg (i.e., 
approximately 100°C),
39,40,42
 meaning that the aging experiments at 35°C will be much 
closer to Tg, and the effect of this different driving force is not clear. 
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